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AUTHOE'S PREFACE 



ENGLISH TEANSLATION 



I As MeaSTB. Bedsos and Williams some years ago made a careful 
I and accurate translation into English of my ' Modem Theories 
r of Chemistry,' I very gladly accepted their friendly proposal to 
undertake the translation of this smaller book. 

It may appear somewhat doubtful whether the long-felt 
•-want of a small text-book on Theoretical Chemistry has not 
■ tteen satisfied by the books recently published by Polis, Eemsen, 
I and Ostwald. These books are themselves bo different from one 
I another and from mine in method and intention ond in their 
I conclusions, that they all may be able to exist side by side. This 
I conclusion ia satisfactorily confirmed by the ready reception 
f "which the German edition of my book baa received. 

In writing this work I have not considered the requirements 

F students alone, but have been desirous of offering something 

5 those friends of scientific investigation who have neither the 

pintention nor the time to concern themselves with the details of 

I chemical investigation, but wish to become acquainted with the 

l1 conclusions arrived at. 

With this object in view I have abstained from too large a 
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use of the numerical results of obaervatioDS and meaaurementB, 
and have avoided giving detailed descriptions of experimental 
methods. 

The book has, therefore, in the main been written from 
memory, and numerical examples have been taken from the 
existing literature only where it appeared absolutely necessary 
for the clearer underatandiug of the subject. The general — I 
may say the philosophical — review of the subject has been my 
chief aim, to which the detaila should be subordinated, I may, 
perhaps, be permitted to express the hope that this mode of 
treatment will especially meet with approval in England, where 
so wide a circle of readers interest themselves in the general 
results and conclosions of scientific investigations. 



1 



LOTHAR METER. 



TUBINGEN : DccetttleT 30, ISftl. 



TBANSLATOES' PEEFACE. 



The reception which our translation of Lothar Meyer's ' Modem 
Theories ' met with,' has encouraged us to present to the public 
an English version of the author's smaller and less technical 
work on Chemical Philosophy. 

The revised sheets have been submitted to the author, and 
we have gladly availed ourselves of the valuable suggestions he 
has made. As the nature of the book is set forth in the author's 
preface specially written for this translation, there remains only 
to add that we trust this book may not only be found valuable 
to the student of chemistry, but also to those who are interested 
in science generally. 



THE TRANSLATORS. 



Jwnua/ryt 1892. 



CONTENTS 



DariNITION AND phovisob 
OUAHACTBBIBTIOS O* CHBMI04L CHANGE . 

Method of iNvsaTiaATioN 
Dbvblophent OF' Ohbmical Theories 

STfBORlOHETRIO LAWB 

Atouio HvpoTHEais .... 
Symbols ..... 
Unit op Atomic Wbiohts 

DKTBEHISATIOfl OP ATOMIO WBI(IKT8 FROM 

Values ..... 

FlBST ATTHMPT8 TO DBTHBHINB THB ATOMIC 

Ohguical EquivALENTS .... 
Elbotkolytio EquivALENTH 
CBvsTALLoaBAPHio Kquivalience. Isomorphism 

THBHMIC HOLtlVALB^fTfl .... 

EXCBPTIONB ...... 

BpBoiPic Hbat of Atoms is Compounds 

Relation bbtwbbn Atomic Weight and Vapour Density. 

AVOOADRO'B Htpotbebis .... 
Physic At, Basis op Avooadro's Hypothesis. Kinbtio 
TauoBY ov GAB&a 

. UOLBCULAB WSIaRTB OP Oasbs . 

owit op moleculak wuiohtb 
Calculation op Molecular Wbiohth . 
. CouHBcTioN FOB Ebrobb of Exphbiment 

DitTBHMiKATioN op Atomic Wkiuhtb prom Moleoulak 
Wbibhts . 

, FOBSIBLB EtlROUS 

, Molecular WEinR 
. Nabcust State , 



r THE E^K«BKTS 




JtiTLINES OP THEORETICAL CHEMISTRY 

Dbtbrmination of Stibohiometrio Valdbs . 
rhlatiosofstoicinombtkicdbterminatiokstobaohotiibb. 

SBLBOnON FEOM DIFPEBBNT Detekminatioks . 

AccuHAOY ov Atomic WBrcKTa 

rnouT'8 Hypothesis ..... 

Ddgbbbbineb's Tqiadb. .... 

1 Elgsiehtb in the Ordub of theib 



CHBMIC4L 



Pbbiodicity op the PHvaicAL Propbutibb of thb Elements 

PHBIODICirV OP THK ECKCTEO-CHEMICAL PEOPBRTIBS . 

Theobbtioal Prediction op PBOi*BBTiEa . 
Pbbiodicitt op VALBNCy ..... 
Dbtbbmihatioh op Chemical Valency 
Possible Ebrobs in the Detbbuination 
Valbscy . . . . 

lBBEOCLAErTlK8 OF THB CHEMICAL VALENCY 

1 Chbuicax Valency. 



THBORBTIOAL SlSNIPIOANOB OP THB 

Nature of Affinity 

THB CoNaTiTimos 



Theoretical Dbtbbhination of the 
Combination 

E LlNKiNQ 



' Chemical Com- 



Determination 



Synthesis and 



BF Atomic Linking pbom Physical Pro- 
of Atomic Lineino from Chemical Be- 
Development of the Thbobt of Atomic 
i Determination OP Atomic Linsino- 



HlSTORT O] 

Linking 
. Examples i 
. Aromatic Compounds 

Phybical Isombbism. Allothopy 
, Polymorphism .... 

Fhisical L^dhbbisu of thb Molboulbs 

Optical IsoMKRiaa .... 

asymmetricil.ly-linkbd carbon atoms 

Active and Inactive Fobms 

Physical Isombrihii, with Double Linking 

Absolute DiMENeiONS of Molecules and Atoms 

Aggbbuatios op the Molecules 

The Effect of Heat .... 

HouoGBNEOua Solid Rodie^ . 

H&iBBoaBNEOCB Solid Molbcclab Aogbeoatbb 

Density of Solid Bodies . . . . 



I 



PtlHIOJt ANTJ SdUUIKl CATION . , .112 

. MB1.T1K0 Points OF Tiin ELDunNTa , . . Illi 

„ „ Ooui^tiHiiH . . , lir> 

„ MlXTUKlOB . . 1IN 

. nOMOQBNBOtia I.IQUIUH, UOIIHSIOS, OAPILLAniTY. PRIOTKIN , Mil 

, DuMMITY oir LiuiriiM ..... liiii 

. SXPANMON UT HlUT. .,..., llill 

, Itanui.TioN uy l,muT iiv Lwwinn ..... litlt 

. ISFLODNPn OF ATOM-[,INKA(iro ON HRFHACTION . . IMfi 
' iHTBItAOTIOK OK I.IIillllU WITH OTItlllt 8IIIIHTANIIK8. WlOTTINa 

AS1> ImnllllTTOH . , , . . IU8 

HoTHnodHNiiim'H MixTiriuoH ov Liquim, Holittionh I31> 

, Kffhot cir HraAT on Hoi.iniii.TTY ..... 130 

, Out ITi I, LIBATION. SUPKIMATUBATION .... Ijll* 

. Hmlationh iiHTWKiiiN Tiin Fid'iWKrNn ['ointh nr Hoi.iiTriiNH 

ANn Tina Mot.mntr.Aii Wmiciiit nii' 'i-iudii CoN.friTiiKNTB i;[,'i 

, KXOIPTIONB TO Kaovi.t'h r.AW . . 1!IH 

DirviiflioN . . i;!K 
OBiiosta AND DtAi.YaiN . .140 

HVAPOBATION AND EBULLITION . . . 143 

BOrLINO PoiKTfl ....... J*B 

VArouB PiinaBUBn of Mixitn [.iqiniw . . , . 148 

BSLATION (lie RUNRITV AND PUKSSIinB ov VAPOUnH TO MOLK- 

OULAIl WNKilTTS ....... nil 

CHmoAi. Tkmi'hratitrb , . ir.2 
Natuhh or TUN aAHHSoirn Statu , . . .in* 

OORSTITUTION OF UA8«H . , , Ifill 

BOYLK'H I.AW. . . . itiH 

MiXTi'nB ov (lAmw. nii^i'iimoN. Kifmaios. TUANsriUATioN iny 

MlXINd OF (1A9K8 AND I.igillDS. AnSOBl'TlOM Olf flABHB . ICO 

CttHHIUAL ClIANIin . . . . \t\-i 

OAUBRB otf OriRMloAl, (TlIANdM IflR 

Hhat aj< OAiiKn AND Effhot of Ckbmical CuAHaio . iHfl 

Pnoi'AIIATIOH OF CNHMIDAL OHAHOK. TUMPRRATUnB OF 

lONITION. KXI'I-nBTON 1(17 

DlWOOIATlOH or (lAHKB . . . IfiS 

„ I.ioiiion ANO Solum . . .ITS 

.. IN HOU'TION . . • . IH 

Ilbotxoltbib . ITi 

Fabaday'h Law. , , . 171 

Rklatioimmip uisTwnuH Cundiiotivity and Dissooiation ITft 

UioitATioN OV Tim Ions . , 17B 

VnLooiTiBs ., ..,,., 181 



104, Relatios between Elboteolytio Cokductiok and Dip- 
106. Thh Funotiob of the loss is the Pboduotion op Slbotbio 
106. Dissociation a Conditio b pkbpahatobt to Ohbmioal 

lOT. RATE9 or Chemical Change ..... 

108. Simple Decomposition . , . . . 

109. Double „ ...... 

Rbvbhbiblb Reaotionb , . . . . . 

GlTLDBBBO AND WAASE'S THEORY OP THE ACTION OP MASB . 

Experimental Pboop op GuLDBBas ahd Waaob'b Law bt 

Etkbhifioatios . . . 

f Calculated >'or Molbculab Whiohts . 

i Avidity and thh Composition of 



Connection i 

infldbnce op insoli'bilitt an 

Chande 
One Insoluble Substance . 
Action op Mass in GAHEa, 
exchpttons to guldberg and ' 
Non-bevkksible Reactions 
Contact Action 
Kinetic Natube or Affinity 



'HER PROPEBTIES 



JUrratKBt 
tmd of tlieorj 



OUTLINES 

OP 

THEOEETICAL CHEMISTRY 



§ 1. Definition andProvinoB. — ChemiBtry iea moet important 
brunch of iiiitiiral sciont'e. As the human mind is incapable of 
embracing; knowledge in its entirety, it is necessar;" to divide 
ience into several branchen. The sciences may be cluHsiiied 
ither according to the methods of investigation employed or 
wrding to the objects investigated. In the first system we 
itioguisb between descriptive science, sometimes inaptly 
i natnral history, and natnral philosophy, which should 
i reality be styled natural history. 

The iuvestigntion and description of the various objects as 
Ihey occur in nature is the problem the descriptive sciences 
have to deal with, whilst it is the aim of natural philosophy 
inYestigate their genesis and transformations, and to endea- 
roor to discover the cause of these changes. Chemistry ' belongs 
J both branches of science. 

If we examine any natural object, such as a rock, an animal, 

la plant, we find, as a rule, that it is composed of many dis- 

Dailar parts. The rock is composed of different minerals, the 

initnalB and plants are composed of diflerent organs ; these. 

B^fftin, are built up from more elementary forms, such as cells. 

^"jliis subdivision cannot be carried on indefinitely ; we finally 

xive at forms of matter which cannot be split up by mechanical 

■SAfiana into dissimilar particles. Chemistry is the science which 

' inTestigates aud describes these ultimate constituents, of which 

' Tbo origin o£ tbe word ' Chcmislry ' la not known willi certainty. 




all natural objects are composed. Chemistry is, therefore, a 
fandamental portioE of all descriptive science. 

But, on the other hand, chemistry is also one of the explana- 
tory sciences. Almost all the natural phenomena with which 
we are acquainted are of a complex nature ; the eruption of a 
volcano, an earthquake, a thandei-storm, a fire, the life and 
growth of animals and plants, and numerous other occurrences, 
are composed of several distinct phenomena, such aa light, heat, 
sound, electricity, evaporation, and other changes of condition. 
Natural philosophy treats of these elementary changes into 
which natural phenomena resolve themselves. Natural philo- 
sophy embraces physics and chemistry. It is the aim of physics 
to investigate and explain those elementary changes which 
affect the properties of bodies without altering their material 
composition. Chemistry deals with the changes which affect 
the material nature of the substance. Chemistry, then, is the 
science which treats of matter and its changes. 

§ 2. CharacteristicB of Chemical Change. — Numerous material 
changes in natural objects are continually taking place, such as 
the formation of organic compounds in plants, the variona 
changes which animal and vegetable bodies undergo either in 
nature or by the agency of man ; for example, fermentation, 
putrefaction, combnstion, the extraction of metals from their 
ores, the preparation of food, drugs, dyes, and innumerable other 
materials. Iliese changes in the composition of bodies have 
been taking place from time immemorial before the eyes of men, 
generally, indeed, at man's desire; bnt in spite of this, for 
thousands of years they have been involved in obscurity, and 
even at the present time they remain incomprehensible to the 
majority even of educated people. Although chemical changes 
are continually taldug place everywhere, the cause of thefee 
changes is difficult to recognise. This peculiarity of chemical 
phenomena is an inlierent result of their nature. By exposing 
one or more sabstances to certain conditions, an entire change 
in their nature is effected. This may be brought about by ex- 
posing the substance to the action of heat, light, or percussion ; 
indeed, in some cases a chemical change takes place when the 
substance does not appear to have been subjected to any kind 
of external influence. Sulphur bums, and leaves in its place a 
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pnngent-Biaelling gaa. Coal ia heated, and prtnlucoa coal gas. 
Ores heated with charcoal yield metois. Iron niats in the air. 
Molten lead changes into litharge, a dull powder, which is 
iduced to lead when heated with charcoal. These changes, 
lud thousands of similar transformation s, appear to be of a 
■inyeteriouB and marvellouB character. 

Compare them with such phenomena as the movement of a 

fiilling body, tlie reflection or refraction of a ray of light, 'the 

lieating and cooling of a body, the action of one magnet on 

another, &c., and we see that it is not vei-y difEcuIt to study the 

I whole course of most physical phenomena ; whereas in the case 

fpf chemical changes the beginning of a reaction ia, as a rule, 

tnmediately followed by its conclusion, ao that it is impossible 

» perceive the intermediate stages. This is the reason why 

fliomistry remained for thousands of years a mere collection of 

scipes and mystic formalte, in spite of the labour which had 

wn devoted to its advancement. This explains, also, how it 

Bras possible for chemistry to exist for centuries in a condition 

■dly worthy of the name of a science, side by side with a 

llighly developed state of physics. 

§ 3. Xethod of Investigation. — The high state of develop- 
ment which science has attained at the present day has been 
gained by a logical application of the method of induction. The 
nnm,eronB isolated facts presented to our observation are so 
classified that allied and analogous facts are arranged together 
r the purpose of comparison. The laws and rules resulting 
rom this comparison are gradually expauded and generalised, 
, if necessary, more sharply defined, and their application 
PUmited. The knowledge of such laws does not satisfy the 
f human mind — it desires to leam the reason, the cause of the 
e of these laws. 
Now, this knowledge cannot be gained from observation, 
is only attained by an effort of our intellect, which solves the 
Bonnection between the phenomena under observation and the 
Sftuses which produce and modify them. 

The knowledge of the causal connection of phenomena ia 

Sonsequently subjective, and it always remains an open question 

rto what extent it is co-ordinated to the objective world. The 

I ioveatigation of this point is a second problem for science to 
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Bolve. We proceed by assuming more or less arbitrarily a cer^ 
tain canse for each gronp of phenomena. Then, witliont refer- 
ence to facts, we proceed to draw or ' deduce ' all the conclnsions 
that can be logically developed from the ' hvpothesis.' W& 
call this development the theory of the events in question, A 
comparison of the theoretical deductiona with the observed filets', 
is the sole means of judging the correctness of the theory and 
of the hypothesis on which it is based. So long as facts and 
theory agree, we are justified in regarding the theory as accurate, 
but not as absolutely and infallibly true. 

If the theoretical conclusions and the facts do not agree, 
then the hypothesis is false, or the extension of the theory has 
Ijeen incorrectly carried out, and the errors must be sought out 
and corrected. Hypotheses and theories contradicted by ob- 
servation must be rejected ; doubtful theories may often be nso- 
fnlly retained so long as they facilitate the survey of a large 
number of observations. The best supported theory must nevep- 
be regarded as absolutely true : a high degree of probability 
is the utmost to which it can attain. 

As examples of a few of the hypotheses which have attained 
this highest degree of probability, we may mention Newton's 
hypothesis that the heavenly bodies exert a mutual attraction 
on each other which is inversely proportional to the square 
of their distances ; Huygen'a hypothesis that light is an imdu- 
latory movement of the ether ; and the hypothesis of Daniel 
Bernoulli and R. Clansius that in the gaseous state the particles 
are in rapid rectilinear motion ; and many others might be 
cited. 

If we ask how far a happily chosen hypothesis and a correct 
theory can carry us on the path of knowledge, we find we mnsfc 
be content if, by their aid, we can follow and discern the causal 
connection and the necessary results of phenomena until we 
arrive at certain values which remain unaltered in the various 
changes taking place. These unchangeable values are termed 
' constants,' They may be real values or only express propor- 
tions or ratios of such things as number, weight, length, space 
or time. A ' constant ' is not of necessity absolutely invariable. 
It is sufficient for our purposes if it does not undergo any ap- 
preciable change in the phenomena under investigation. Con- 
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«equent!y the constants we arrive at, in a certain group of 
phenomena, need not of necessity form the limits of our know- 
ledge, but may in turn form the subject of research, if we 
investigate the conditions under which they vary, and in this 
way arrive at constants of a higher order. But in spite of all* 
the progress we have made the determination of the constants 
still remains the problem for investigation. We are content 
when we succeed in predicting the phenomena which result as 
a natural consequence from certain constants, and the varying 
relations which these constants bear to each other. 

i 4. Sevelopmeiit of Chemical Theories, — The inductive 
method was first applied in chemistry at a comparatively late 

3 in its history. It was only at the end of the seventeenth, and 
more particularly during the eighteenth century that all the then 
known facta were systematically arranged and a logical classifica- 
tion of bodies into combustible and incombustible, burnt and un- 
bumt, was made. The hypothesis which was employed to account 
for the difference between the two large classes of bodies proved 
incorrect. This hypothesis assumed the existence of a peculiar 
combustible principle, the so-called ' phlogiston,' in all combus- 
tible substances. Combustion consisted in the evolution of 
phlogiston. In recent times it has been shown that the phlo- 
giston theory is not altogether devoid of truth. For what was 
formerly termed phlogiston is almost identical with our present 
notion of potential energy. It was during the two hundred 
years when the phlogiston theory prevailed that the application 
■of inductive methods revealed the general truth that matter 
can neither be created nor destroyed. This discovery led to 
conclusions rendering the doctrine of phlogiston untenable, and 
resulting in its replacement by Lavoisier's theory of combustion. 
According to this theory the process of combustion is not due 
to an evolution of phlogiston, but to ' oxidation ' — that is, to the 
combination of the combustible body with oxygen, one of the 
constituents of atmospheric air. 

During the period of quantitative analysis, which begins 
with this theory, great stress was laid on the investigation of 
the proportions by weight in which different substances unite 
together, and thus a new field of research was opened up, which 
rapidly acquired unexpected dimensions. 
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Tlie most important result of this new development waa tt> 
strengthen our knowleclge of the fact that nothing is lost and 
nothing is gained when substances undergo chemical change. 
When substances unite together, the weight of the compound is. 
exactly equal to the sum of the weights of the constituents. 
Wheu several bodies act on each otlier, it was formerly a difficult 
matter to decide which were compounds and which were consti- 
tuents ; but by the light of this new law the question can easily 
be answered. Wlien red-hot iron is hammered it yields forge- 
scales, and on exposure tfl damp air it rusts. In either case ib 
gains in weight ; consequently it has combined with something, 
and not lost anything as was formerly supposed. It has com- 
bined with oxygen, and the increase in weight is equal to the 
weight of oxygen the metal has united with in its conversion 
into oxide (rust or forge scales). Consequently the oxide la 
the compound and the metal is a constituent ; but in the last 
century the reverse was held to be the case. In this wayi 
' quantitative chemistry ' effected an accnrate distinction between 
elementary bodies and their compounds, and imparted a degree 
of exactness to the methods of investigation, of which in previoua. 
centuries there had been no conception. 

We are acquainted with about seventy bodies which have op 
to the present time resisted all attempts to decompose them. 
We therefore consider these substances as invariable in composi- 
tion until the contrary is proved, and consequently regard them 
as the fundamental constants of chemistry. The aim of the 
science of chemistry is to investigate the laws which govern the 
combination of these elements, and to determine in what way tho 
character and propertiies of the compounds are affected by the 
nature of the constituent elements. 

§ 5. SttBchiometrio Laws.— The further investigation of the 
quantitative composition of chemical compounds led to the found- 
ation of the science of stcechiometry ' by Jeremias Benjamin 
Richter. The most important facts of stoschiometry were dis- 
covered almost simultaneously by Proust. The fact pointed out 
by Proust, that definite chemical compounds always contain their 
constituents in fixed and invariable proportions, was strongly il 
disputed by no less an authority than C. L. BerthoUet. 

' ri uToixeui, tlie constitneuts. fiirpor, the measure. 
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Richter's viewa on the laws which govern the combination of 
acids with bases to form salts remained for a longtime neglected 
and almost unnoticed, The credit of establishing the vnlue of 
these laws (so far asthey were correct) belongs to J. J. Beraeliup, 
I who obtained important aid from an hypothesis propounded by 
John Dalton. 

iThe fundamental law of atcechiometry, discovered by Richter 
and confirmed and developed by Beraeliua, states that all true 
chemical changes (i.e. changes of composition) take place between 
I definite volumes or weights of the substances. This is equally 
^L trne whether a substance decomposes into its constituents or is 
^B formed from its constituents, or when different compounds ex- 
■^ ohaage one of their constituents. 

f When water is formed from its constituents 7'08 parts by 

"sight of oxygen unite with one part by weight of hydrogen, 
never more or less, and the two constituents are produced in 
exactly these proportions when water is decomposed. 

All other substances, whether elements or compounds, behave 
'a the same way ; that is to say, they only enter into combination 
"'■ undergo decomposition in definite and fixed proportions by 
"eight. 

It often happens that the bodies unite together in several 
diatiact proportions, but these different proportions always bear 
a aicnple relation to each other. 

This empirical law is known as the law of multiple propor- 
tions. For example, there is another compound of hydrogen and 
oiygea^ hydrogen peroxide, which contains 1596 parts by 
reight of oxygen to 1 part by weight of hydrogen-— that is, twice 
l-lnuch oxygen as unites with 1 part by weight of hydrogen iti 
iy mixing these two oxides of hydrogen a liquid is 
uned in which the quantity of oxygen lies between that con- 
ned in water and in hydrogen peroxide. The resulting liquid 
k Hot a chemical compound, but merely a mechanical mixture, 
f its properties are those of its constituents, and the act of ad- 
s not followed by those changes in the material nature of 
Bift substances, which are characteristic of chemical combination. 
Nitrogen forms a larger number of oxides, in which one part 
f weight of nitrogen is combined respectively with 0'5696, 
"')2, 1-7088, 2-2784, and 2-8480 parts by weight of oxygen. 
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The relation between these quantities is expressed by the 

whole nnmbers 1, 2, 3, 4, 5. 

I The riumbera indicating the pTOportiona in which substancea 

i| unite tof^ther are called ' combining weights,' or st«echiometric 

h MtatitieH. It is remarkable that they apply not merely to two 

H 'i^TCD elenientB but to all elements without exception. For ex- 

r MBpU, one part by weight of coppt^r is combined with 0'1263 

I part by weight of oxygen in cuprous oxide, and with 0'2526 psrt 

by weight of oxygen (i.e. exactly double) in cupric oxide. The 

(jiianlitiesofsulphur combined with one part by weight of copper 

' in the ttulphicles are also in the proportion of 1 to 2, cupric 

flulphide containing 0'5062 and cuprous sulphide 0'2531 part 

by weight of sulphur; 0'2531 part by weight of sulphur on 

(!OinbiiMtion unites with 0-2526 part by weight of oxygen. This 

id exnctly the quantity of oxygen which unites with one part by 

wtfigfat of copper to form cupric oxide. 

The combining weights for copper and sulphur and for copper 
■nd oxygen are also valid for tlie compounds of sulphur and 
oxygen. I'hia rule is true of all elements. It may be generally 
expreiwed in the following words : — 

If wo know the proportions by weight in which a series of 
eliimentM unite with a certain given element, then these elements 
ftither unite with eaoli other in the quantities represented by. 
theae proportions or in some simple multiple of them. If A, B, 
0, i) repreftent the proportions by weight in which the differenb 
elementfl unite with a definite quantity of another element, then. ■ 
any compound of these elements can be represented by th» 
formula 

ji.A + n, .B + n,.0 + )i3.D + ... 

when n, H^ Ji,j )ig represent whole (generally small) numbers. j 

I The values A, B, C, &c. are the fundamental constants of ji 

Bt/jQchiometry. i 

J 0. Atomic Hypotheiia. — The stoichiometric laws are purely j 

empirical, and were discovered by induction. They have been '| 

confirmed by thousands of experiments, and their validity is in- , 
dependent of any hypothesis. But the human mind suspects a 

oauie for every law, and is disinclined to acknowledge the exist- I 
ence of a law unless it can account for the cause of it. 



ATOMIC THEORY 

Consequently the stcechiometric laws, which are now regarded 
the moat important ever discovered in natural science, were 
at first treated mth neglect, until John Dalton investigated 
"these laws and discovered a. simple explanation of them. 

Dalton investigated two gaseous compounds of carbon and 
liydrogen, and found that the so-called heavy carburetted 
iydrogen now called ethylene contained exactly half as much 
hydrogen combined with one part by weight of carbon as is the 
•case in light carburetted hydrogen or marsh-gas. To explain 
this and similar observations concerning the oxides of nitrogen 
Dalton made use of an old and much-disputed hypothesis. He 
assumed that all elements consist of very minute indivisible par- 
ticles, having a definite weight, termed atoms,' and that chemical 
■compounds are produced by the union of these atoms. 

This hypothesis was by no means new. More than two 
thousand years ago the Greek philosophers energetically debated 
the continuity of matter— whether matter completely fills the space 
'it occupies, or whether it is composed of very minute individual 
partielefi separated from each other by spaces. These particles 
were termed atoms on account of their indivisibility, 

Democritus and many others based their system of natural 
iphiloBophy on these hypothetical atoms, and attempted to ex- 
plain the transformations of the universe as a result of their 
properties and rapid movements. Aristotle and his followers 
eould not tolerate the idea of the existence of an empty space 
Ijetween the atoms, but maintained that the whole space is com- 
pletely filled with matter. This difference of opinion survived till 
recent times, but at the present day the truth of the atomic 
theory is no longer a matter of dispute. Dalton does not 
«ppear to have troubled himself about this discussion. He made 
use of the atomic theory because it enabled him to explain 
without difficulty the fact that the elements combine only in 
definite proportions by weight, and that if certain elements 
Urdte together in several different proportions these proportions 
a simple relation to eacli other. We assume that all the 
atoms of one and the same element have the same weight, but 
that this weight varies for different elements in the proportion 
■of their stcechiometric quantities. Let A be the weight of the 
' n Sto^i, the indivisible. 



i 



UBed. Two atoms of hydrogen may be represented by the fol- 
lowing symbols, 2H, Hj, H^, HH. The second of these symbols 
ia most frequently employed. 

§ 8. Unit of Atomic Weights. — We have already seen (^ 6) 

Hbat the weight of the atoms cannot be deduced directly from 

Hlie combining proportions, and that it is only possible to decide 

fnow many times heavier or lighter one atom is than another. 

This, however, is all that is requisite for the development of 

ohemica! theory. It is not necessary to know the weight of 

individual atoms. The composition of any mixture of different 

Babstancea can be equally well expreased in grams, ounces, or 

■]ponnd8, and in the same way the composition of any chemical 

■Oomponnd can be expressed in terms of any unit of weight that 

nay be selected. If we choose the weight of an atom of a given 

ilement as unity, we can by means of the atcechiometric values 

ipress the atomic weights of the others in terms of this stan- 

lard, so that a number is obtained for each element, which 

3w many times heavier it is than the unit. 

Dalton's proposal to take the atom of hydrogen, the lightest 

of all the atoms, as unity is at the present time universally 

^npted. But for many years it was the custom to follow the 

•^Sample of Wollaaton and Berzelius, who, for certain practical 

'^BBons, took the atom of oxygen as their standard. It is ob- 

^ona that there will be a great difference in the atomic weights 

According to the standard selected. If hydrogen is taken as 

^*Bity, it is clear that the atomic weights will be proportionally 

^''Jger than is the case when the heavier atom of oxygen is taken 

^ tlie standard. Just as in measuring distances, the number.^- 

^*& larger if we reckon by feet instead of metres or by kilometres 

*llstead of miles. Now some atomic weights are smaller than 

ttat of oxygen, so in order to avoid fractions Wollaston took as 

Uis standard the tenth part, and Berzelius chose the hundredth 

Part of an atom of oxygen, so tliat an atom of oxygen = 10 or 

1 00, This standard yielded atomic weights which were in some 

Cases largi^ than 1000, and are now no longer used. 

^ 9. Determination of Atomic Weights from Stoeobiometric 
Values. — We have already seen {§ 6) that the relative values of 
the atomic weights can only be calculated from the composition 
of a cbemica] compound as determined by synthesis or analysis, 
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when the number of atoms contained in the compoimd ia k 
Btrt the narober of atoms cannot be directly determinei 
can only be deduced by the )ielp of hypotheses vaiying in c 
<if probebility. Water is composed of osygen and hydrog 
the proportion by weight of 7'98 : 1, It does not folloi 
the atomic weights of these elements are in this ratio, bnl 
that the weight of all the hydrogen atoms in a given quan 
water bears this proportion to the total weight of the o; 
•tonia combined with them, so that 



.H : 



.0=1 : 7-9 



when M and m represent whole (unknown) nnmbera. 
atomic theory only teaches us that a certain number of 
atoms of one snbstance has combined with a definite nam 
whole atoms of a second element, e.g., n H with m O. The • 
of m and jt are not known. It is one of the most importan 
blems in theoretical chemistry to determine the number of 
which are united together in diiferent compounds. 

\ 10. First Attempt to determine the Atomic Weighti 
firet sight it would appear to be the simplest plan torega' 
proportion by weight in which two elements unite togetJ 
identical with their atomic weights. But this is not po 
liecanse many elements unite together in different propo: 
In black oxide of copper one part by weight of osygen ia ' 
tx> 3'959 parts by weight of copper ; but in the red oxide 
as much copper, viz. 7918, is contained. Is the atomic i 
of copper 3'959 or 7'918 times heavier than that of ox; 
There does not appear to be any reason why one number f 
be selected in preference to the other. If we choose th( 
then we have the formuUe 

Cn = 3'958 +1, for the black oxide 



Cn,0 = 7-918 + 1, for the red oxide. 
If we take the second value, then we have 

CnO,=7-918 + 2, for the black oxide 

Cu 0=7-918+1, for the red oxide. 
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Berzelios selected the second value, but it haa been replaced 
fcy the first, which is now univerBally regarded as correct. 

Dalton advocated the greatest simplicity. He assumed the 
eristence of only one atom of each constituent in many com- 
pounda, in which, according to onr present views, several atoms of 
one of the constituents are contained, e.g. 





Proportion by 


FOBMULJE. 




Weight. 


Dalton. Beraeliu 


Wat«r 


. 1 : 7-98 


HO H,0 


Ammonia . 


. 1 : 4-67 


HN H^N 


Ethylene . 


. 1 : 5-985 


HC H,C, 



According to Dalton'a views, the atomic weights of oxygen, 
itn^n, and carbon are to the atomic weight of hydrogen 
e ratio of 



t according to Berzelins they stand to each other in the 
)portion of 

O : N : C : H = 15-96 : U-01 : 11-97 : 1. 

The weights which Dalton regarded as the atomic weights 

f oxygen and carbon are only half, and in the case of 

L only one-third, of the atomic weights accepted by 

§ 11. Chemical EqnlvalentB. — At the beginning of the 
*8sent century WoUaston proposed that the chemical symbols 
w nld represent the equivalents aa determined by experiment, 
this way he hoped to avoid the want of uniformity resulting 
'vox the use of the hypothetical atomic weights. Those quan- 

« of different substances which produce the same, or nearly 
fl same, effect were regarded aa equivalent. The expression 
i originally applied to those quantities of different acids 
Iiich are required to neutralise a fixed quantity of a given 

i, and also to those quantities of different bases which are 
"Joired to neutralise a certain weight of a given acid. The 
fflon was afterwards used in a wider sense, and was 
!t)Iied to all kinds of substances, including the elements. It 




ocTume or thsosetscal t nKwunp t 

Ikat BO destent can be BtncU; eqinrKlent to ■notfcer. 
■fWviIaBt IB oertwD RWfMctB — aaioi^, in itBC^HKaty 
g «ith ■ tknd — twiaiirr, or diniari Bg it is a omo* 



W« f^pad M aqanalcBt wapiti cf tfce dctnfa tixm 
^■■iitMiriKfc hare IB tUi reelect Am aune nla^ lad «• 
^tmftt» Aem asw do tiw Btomic wei^bb viA oob part iij 
wm^t ti hj drag e a a* ani:^. 11» eqaiTalnC wc^iCb of tha 
«kH«i*sahtihMcfae,aoae qaaatitiw of Ae d^mtowUdi 
aB«BCartBtotlwaaBweemlviatinwaaaae part bj voi^ or 
tmntamtlhjirageo,arcaa miite wiA one part bf wei^t or 
1 Mtmar^Aogai. The &nt defiaitiDB boUa good fix- tfae 
theaeoond ia true if tke nOB-nietala, 
» with h jdiDg B u ; bat od^b 
fag «f tfa Mrtah aw able to fcrm hydridea. 

By aoaaa of tUi d^nitkn the eqiuTaleBt we^ts can 
~'. hf experimeat. One part by wdght of 



! I>^ parts bf wdgfat of finorine 

I 35^ „ cUonuft 

7^6 ^ bnauns 

Wrhi „ iodine 

I 7*98 parts )n- weight of oxygen 

I \%^ solpkor 

I 9trfA ., teUaiinm 






4^ parts tn- weight of mtrogeu 
IfrflZ ., pboepbonis 

24^ ., arsenic 

J987 „ andmottr 

J^fV parta by wdght of carbcm 
7*8 „ silicon 

■(MJi^af bfdn^en is replaced in its 

fmm6tiim of different metals. IVse qiMB- 

wJB eoaaeqaentiy be able to noite wi(]i Afr 

iiB#a ptyert i oBa stated in the preceding taUei, e^ 
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35" 3 7 parts by weight of chlorine, 7'98 of oxygen, &c Of 
the lighter metals — 



7'01 parts by weight 


of lithium 


23-00 


sodium 


39'03 


potaasiiim 


85-3 


rubidium 


32-7 


cffisium 



4-54 parts by weight of beryllinin 
12'15 „ mf^esiuin 

19'95 „ calcinm 

43'65 „ strontium 

68-45 „ barinm 

901 , aluminium 



The following quantities of the heavier metnla expel one 
part by weight of hydrogen from water or hydrochloric acid, 
and replace it directly or indirectly : — 

27-4 parts by weight of manganese 



27-94 

29-3 

29-3 

32-55 
37-8 
55-85 
59-4 
103-2 
107-66 
203-7 



iron 

cobalt 

nickel 

zinc 

indium 

cadmium 

tin 

lead 

silver 

thallium 



Totally different results are obtained in the case of many 
fi-metals if we determine directly the quantity of metal which will 
panite with one equivalent weight of oxygen (7-98 parts) or of 
l«hlorine(35-37 parts). 

The oxides, sulphides, chlorides, and bromides contain the 
fallowing quantities of metals united to 1 equivalent weight of 
oxygen (7-98), auiphur (15-99), chlorine (35-37), or bromine 
<79-7C). 
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These didereat proportions stand in a simple relation to ' 

each other : — 

7-83, or 913, or 137, or 18-27, or 20-55, or 27-4 parta by 
weight of manganese ; the ratio isf:|:J:f:J:l. 

8-74, or 17-48, or 26-22 parts of chromium; ratio, ^ : f : 

18-63, or 20-95, or 27-94 parts of iron; ratio, ^ : J : 1. 

65-6, or 98-4, or 196-8 parts of gold; ratio, i : i ; 1. 

31-59 or G31S parts of copper, and 99-9 or 199-8 parts 
of mercnry ; ratio, ^ : 1 — and so on, for all the other elements. 

It was soon found to be very difficult to decide which of" 
these different values should be regarded as the trne equivalent 
weight, and be represeuted by the chemical symbol of the 
element. For a long time the quantities of the non-metals con- 
tained in the first table were regarded as the true equivalent 
weights ; but the values in the second table have never come into 
actnal use. On the other hand, the equivalent weights for the 
metals contained in the table were, with the exception of thosg 
of beryllium and aluminium, in use for a considerable period. 

§ 12. Eleetrol]rtic Equivalents. — The electrolytic law . 
Michael Faraday has been used to insure the uniform deter- 
mination of equivalent weights. Faraday found that when t 
electric current is passed through a so-called conductor of tin 
second class, an electrolj-te (i.e. a substance which can only con- 
duct electricity when it is decomposed by the current), the 
quantity of the substance decomposed is proport.ional to tha- 
intenaity of the current. 

If one and the same current passes through two electrolyl 
then the several constituents deposited are electrically 
chemically equivalent to each other. 

To determine the equivalent weights of the elements bj 
means of this law, it ia only necessary to decompose some ( 
their compounds by a current which simultimeously decomposes 
a hydrogen compound, and determine experimentally what 
weight of the given element has been liberated in the samfl: 
time aa one part by weight of hydrogen. On the whole, thi 
method yielded more uniform results than those obtained 1 
chemical analysis ; but still different values were obtained f 
certain metals, according to the nature and composition of the 
compound inveatigated. 




IBOMORFBISM 
For exttinpls :— 



Copper . . 81-59 wid 63-18 
Mereiiry . 99-9 „ 199-8 

Iron . . 18-27 „ 27-4 



^H^ Aiioblier (lifiioulty prtiiwated itwlf. The compounds of many 

^Elements would not couduct electricity aad were fouiiil not tv be 

'■ <lecompo8i<d hy it, tiini conHW]UPiitly t]io doternii nation of the 

equivalents by electi-olywia could not be systenmtiridly Piirriinl out. 

I ^ § 13. CryatalloEp-aphio Equivalence. Isoinorpbina.^ln 1819 

^Hilhnrd Mitscberlich discovered the inipoitant law of iaoniorph- 

^Bm, which hus been used by Borzelius and otlier iuveBtigak>rs 

^Bbr the doterminntion of ecguivaloiice. Mit«oherIich tbtind that 

' certain elements can replace others in tlieir oompouiidu witliuut 

producing any unsontiul alteration in the orysttilline fonn of the 

subBtance. 

ITieso compounds and tho nlomonts which mutually replace 
ouch other are said to be isomorphous evon when the elements in 
the isolated statu do not exhibit any similai-ity of crysUdlino form. 
Tho replacement always t-nkes place in stuochiometric quantities, 
80 that a certain quantity of one element replaces or is replaced 
by a definite quiuitity of another, its crystullographic equivalent, 
while the other oonatituentB of the compound remain unchnngod. 
Isomorphous compounds have the power of crystallising together 
in such a way tliat they form Iiomogeneous crystals independontly 
of the proportions in which they are mixed. The alums, the 
vitriols and l.lu'ir double salts, the phosphates and arsenates are 
well-known examples of groups of iaoraorphous compounds, 
Unfortunately no element has yet been discovered which is 
norplious witJi hydrogen, so that the crystnllographic equiva- 
i of the other elements cannot be lUrectly compared witli 
rogon, the usual standard. But by starting with the equiva- 
eight of an element which has boen determined by ona of 
ler methods, we can iiscert4iiii the crystallograpbio equivo- 
s of any other elements of the same isomorpluo group. If 
■ members of this group eshiliit isomorphism with other 
cnents we can go on step by step until the equivalents of a 
s immhor of elements have thus been determined. Potaa- 
is isomorphous with rubidium, CBOsium, and thallium. 
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The equivalent weight of potassium 39'03 (§ 11) is isomorphj 
ously replaced by 85'2 parts by weight of rubidium, 132'7 < 
csBsium, and in many compounds by 203'7 parts of thalliuia 
This last quantity is iaomorphons with n3'4 parts of indinm. 

Whether sodiiim is, strictly speaking, isomorphons wifl 
potassium is a disputed point ; many analogous compounds ( 
these two elements certainly exhibit identical crystalline form 
but as a rule they do not crystallise together. If we i 
justified in regarding the instances of identity of crystalline fora 
as cases of isomorphism, then 39-03 parts by weight of potassini 
are equivalent to 23 parts of sodium, and these are equivalei 
to 7'01 parts of lithium and 107'66 of silver. 

But the equivalent of silver can be replaced isomorphousl^ 
by 63-18 parts by weight of copper, and the latter metal is a 
member of the group of metals forming vitriols and can b© 
isomorphoosly replaced by — 



6&-G parts by 
58-6 


weight 


of niokd 
cobalt 


55-88 




iron 


54-8 
651 




manganeae 
zinc 


24-3 




magnesiam 



The fonr last elements are isomorphous with 39-91 parts 
of calcium, and iron is isomorphous with 27-04 parts of 
aluminium and 52-45 parts by weight of chromium. 

Calcium ia also isomorphous with 87'3 parts of strontium, 
136'9 parts of barium, and 206-4 of lead. 

In some compounds zinc can be replaced by 111'? parts of 
cadmium. The highest oxides of chromium and manganese 
enable us to pass on to the non-metals and semi-metals. For 
the chromates and manganates have the same crystalline form as 
the 8ulphat«s, selenatea, telluratea, molybdates, and tnngstates, 
and the permanganates have the same crystalline form as the 
percblorates. The isomorphism of these salts provides us with 
the following crystallographic equivalent weights : — 

31-98 parts of sulphur 
78-87 „ selenium 



i 



ISOMOHPitISM 

125-0 ]iai-ts of U-lluriuiTi 
96'y „ molybdenum 

183'6 „ tungsten 

35-37 „ clilurino 



Pnrther 7976 parts of bromine, 1 2G'53 parts of iodine, and pro- 
liably 19'00 of lluorine are iaomoi-phoua with 35'37 parts by 
weight of chlorine, 

There are several other large groups of isomorphous elomentH, 
The phosphates, vanadateE, and arsenates are isomorphous. In 
the free state arsenic ia isomorphous with antimony, bismuth, 
and telhirium. Bat it is obvious that the crystal lographic 
equivalent can only be deduced from the isonsorphiani of the 
compounds, and not from the isomorphism of the free elements, 
for in the latter case there are no means of nscertaiuiug what 
eight of the one element can replace a given weight of the other. 
It is assumed in certain minerals that sulphur is isomorph- 
iosly replaced by arsenic and untimony ; if this is really the 
then we have the following crystallographic equivalents: — 
80'96 parts by weight of phosphorus 
74'9 „ arsenic 

207-3 „ bismuth 

51 -I „ vanadium 

l!9-6 ,, antimony 

Silicon, titanium, zirconium, thorium, and tin form another 
isomorphous group, and tin is related to the isomorphous group 
of the platinum metals containing platinum, iridium, osmium, 
palladium, rhodium, and ruthenium ; these two groups are thus 
brought into relation with each other, and the following equiva- 
lents are obtained :— 



wei^ 
■ OQsl; 





28'33 parts by weight 

48-01 

90-4. 
232-0 
118-8 


of silicon 
titanium 

thorium 
tin 




194-3 
193-5 


platinum 
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19rO parts by weight of osmium 
106-2 „ palladium 

102-7 „ rhodium 

101'4 „ ruthenium 

If the somewhat doubtful isomorphism of titanium and iron be 
admitted, thia group may thus be brought into relationship with< 
the iron group. Some of the cryatallographic equivalent weights 
arrived at in thia way may not be correct, for doubtless some of 
the cases of isomorphism may prove not to be genuine. But 
the great advantage of this method is that it can only give one 
equivalent weight for each element, whereas the other methoda 
would yield two or more equivalent weights. 

After the discovery of the law of isomorphism Berzeliua re- 
garded the crystallographic equivalent weights as identical with 
the atomic weights, except in the case of K, Na, Li, Ag, of 
which he determined the atomic weights by the use of their 
electrolytic equivalents. The identification of the crystallo- 
graphic equivalents with the atomic weights offered a lucid ex- 
planation of the phenomena of isomorphism. Imagine that a 
crystal is a regular structure composed of small particles of 
matter, called molecules, the molecules being themselves ays- 
tematically built up of a definite number of atoms. If in each of 
these particles one atom is replaced by another of similar shape 
and size it ia clear that the whole structure will remain 
altered in shape and arrangement. Thia is obvious, for experi- 
ence shows us that, although the cryatallographic equivalents 
vary considerably in weight, they all occupy approximately the* 



sr, acquainted with a series of cases in whidi' 
it is apparently not permissible to assume that replacement 
takes place atom for atom. In innumerable compounds the 
equivalent of potassium (3i)'03) is isomorphouely replaced by 
14-01 parts of nitrogen and 4 parts of hydrogen, and scarcely 
the slightest difference between the two classes of compoundt 
to be found. Consequently aince Mitscherlich's firat diacoveriea 
it has been assumed that an atom of potaasium can be ist>- 
morphously replaced by the ' compound radical ' ammonium 
{NH^=18'01), composed of one atom of nitrogen (N = 14'01) 
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and four atoms of hydrogen. But if thia ia possible in one case, 
it may frequently happen that several atoms replace one single 
ttom. If we admit this, then the whole foundation of these 
considerations is weakened: 107-66 parts by weight of silver 
are isomorphously replaced by 63'18 parts by weight of copper : 
this may mean that one atom of silver is replaced by one of 
copper. But if we assume that each atom of silver is replaced 
lijtwo atoms of copper, then the atomic weight of copper will 
is 31-59, which is identical with the chemical equivalent weight 
j^ven in § 11. 

Another weak point in determining atomic weights by 
Bomorphism is that many elements must be omitted, and 
hydrogen amongst the number. Ah a natural consequence the 
Atomic weighta can only be referred to the unit by making cer- 

1 arbitrary assumptions. In fact we have already started 
Wth the arbitrary assnmption that the equivalent weight of 
potassium as compared with hydrogen is 3903. If we had 
tftken it as half, or, like Berzelius, as doable this value, we should 
lave obtained for all the other elements values half or double their 
t atomic weights, and it would not have been possible to 
ffove that these values were incorrect. 

I 11. Thermic EquivalentB. — In 1819, at the time when 
Gtacherlich discovered the law of isomorphism, two French 
lemistB, Dulong and Petit, observed the existence of another 
mple relation between the chemical combining weights of the 
iementa and a physical property, viz. their specific heat or 
apacity for heat in the solid state. The atomic weights are 
pproxiniately inversely proportional to the specific heats, and 
msequently the product of these two values is nearly the samii 
ir all elements. In order to make this law valid Dulong and 
?etit found it necessary to alter the combining weights of some 
tf the elements. Although these changes were not at the time 
[enerally welcomed, they are now universally adopted (except 
D. the case of a few small errors), and all the more recent specific 
leat determinations have confirmed the accuracy of the law 
' Dulong and Petit. This important law ia of general appli- 
sation. It gives the same values as the law of isomorphism 

I meets with the same difficulty, for here again the results 
Bnnot be directly referred to hydrogen as the standard, for eolid 
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hydrogen lias not yet been investigated. If we take any of t 
crystal lographic eqnivalents mentioned in the preceding para- 
graph, and multiply each by the specific heat of the element, we 
obtain approximately the same product. 

The explanation of this fact is very simple. Aa the specific 
heat ia the amount of heat required to raise the unit weight of 
n substance from 0" to 1° C. this product represents the amount 
of heat required to raise the equivalent weight by 1° C. The 
weight of the given element, which is heated 1° C, ia termed the 
thermic equivalent weight. If we regard this as the atomic 
weight, then the product of the atomic weight into the specific 
heat is the atomic heat, j.e. the amount of heat taken up by 
one atom. It is clear that the atoms of the different elements 
have the same capacity for heat. The law may be simply ex- 
pressed by saying that the atomic he-ats of all the elements are 
approximately equal. 

This law applies without exception to all the malleable 
metals, to almost all the brittle metals, and to the majority 
of the non-metals. The following table contains in the first 
column the names of the elements, in the second column under 
c the specific heats, in the third the thermic equivalent or thermic 
atomic weight A, and in the fourth the product A . c, the atomic 
heat. The specific heat of most of the elements has been detos ! 
mined between the boihng point of water and the mean temper-l 
ature of the atmosphere, but in the case of easily fusible element! 
the determinations are made at temperatures below their i 
ing point*, as most bodies exhibit abnormal specific heats 
near their melting point. 



1 detfflsj 
bempei»| 

lementd 
T melb4 

ats at 9m 



E,™«. 


Ep«Lfl^ Hert 


Atomic^Wclgl, 


A.e 


Lithium 

Sodium 

PhoBphorufl '.'.'.'.'. 
Bolphur 

CaldoiD .'.'.'.'.'. 

Titaninm 

Chrominm 


0'941 
0393 
0-2o0 
0-21* 
0174 
0'178 
01G6 
O'lVO 
0129 
0121 
0122 


701 
23'00 
24-3 

27-0 
30-86 
31-98 
39-03 
39-91 
480 
62-4 
54-S 


6-6 

6-7 

61 

6-8 

6-4 

6-7 ] 

6'6 

B-a 

6-2 
B'3 
6-T 



1 


^^■Hl 


1 


1 - 


SpHllla H»t 


AtomlD Welglit 


Hort" 




■ 




D'114 


6G-S8 






0-107 


fiS<6 


0-3 








O'lOS 




e-4 








0'(1»6 


83-18 


6-0 




















0'07S 


UU-9 


66 








O'OTT 




e-6 








O'OSl 


74-9 


61 








0-076 


7B-87 


6-0 








008i 




6-7 






Ziroonium 


0-0U8 


80-1 


6-0 








0-072 


ys9 


6-9 








0-OBl 










Bhodium 


00D8 


102-7 


0-0 






Palladium 


O-069 


108-35 


aa 






saver 


0>067 


107-a6 


6-1 








0'051 


111'7 


6-0 








0067 


113-0 


6-B 






Tin 


O'OQS 


llH-8 


6-6 






ti.fim(inji 


0051 


ii9-e 


6-1 








00*8 


I2E-0 


6-0 






Iodine 


0-05* 


12li'6t 


6-8 








0'04e 


188-0 


6-2 








0-046 


138-9 


6-3 








0'0S3 


183-9 


6-1 






Oimium 


0-03] 


lai'O 








Iridium 


o-ona 


182-B 










0'0S2 


194-3 








Gold 


o-oaa 


196-T 


6-1 






Moroniy 


0032 


189-8 


6-4 








0-033 


203-7 


6-8 






L(«d 


0-031 


206'4 


6-4 






Biflmuth 


0-030 


207-3 


6-4 








0-028 


2320 


0-4 






Uranium 


0028 


23B0 


6-6 






The atomic heats in this table do not exhibit absolutt 




Bnilbrimty — the values vary between 5'4 and ti'B. 'I'he thermic 


equivalent or atom may now be defined as that stcechiometric 


■quantity which on multiplication by the specihc heat yields a 


constant which is approximately 6. If the specific heat of ice 


ia taken as the unit, or the equivalent weight of some other 


element instead of hydrogen is taken as the standard, then dif- 


_ ferent values would be obtained. If the atomic weight of 


■ oxygen is taken as 100, then the atomic heats wonld vary 


1 between 38 and 40. 


1 As the atomic heat is aitnoBt constant, and as 


H A . c = const. =s 6-3 approximately, 



it 18 dear that the value of A or c can be calculated approxi- 
mately if one of these values ia known. 

§ 15, ExceptionB. — In attempting to calculate the themiic 
equivalents of the elements by this method, we occagionally 
obtain values which cannot represent the trne atomic weights. 
Begnault found for pure carbon in the form of diamond the 
specific heat e = 0-1-17, and for graphite, another modification 
of the same element, c = 0-198. The chemical equivalent of 
carbon is in § 11 stated to be 2'9925. The atomic weight must 
either be 2-9925 or a simple multiple of this number. 

If a = 2'9925, then A= n.a, where )i is a whole number 
and c . A = fl. M . a ^ 6'3 approximately. 

Let 91 = 1 . 2 . 3, &c. ; then we have for 



mammid 



Graphite 



I 


. 0'44 


1 


. 0-59 


2 


. 0-88 


2 


. 1-18 


10 


. 4'40 


10 


. 5-92 


11 


. 4-84 


11 


. 6-62 


12 


. 5-28 


12 


. 711 


13 


. 572 


13 


— 


14 


. 612 


14 


■ — 


The 


atomic weight of carbon 


calculated froir 


the specifio 



beat of the diamond, would fc 



But if it is deduced from the specific heat of graphite, then 
10 . a = 29'92 ; or 11 . a = 32-92. 

Even if we disregard the want of agreement between these 
results, such atomic weights would lead to monstrous formuliB 
for the numerous compounds of carbon^ and on this ground 
alone they could not be accepted. 

Carbon forms the most pronounced exception to the law. 
Boron, silicon, and beryllium also form exceptions, and the- 
values for phosphorus and sulphur do not agree closely with the 
atomic heats of the other elements. 
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ill-known fact that the specific heat, and tliei-efure 
the atomic heat, is different at different temperatures. A careful 
eompariEon of all the determinations of specific heat led H. F. 
Weber to the conclusion that the infiuencf of temperature on tlie 
apecific heats of those elements which form exceptions to the law 
ia so great that they would follow the law at temperatures above 
100^, Weber proved by experiment this h}'pothesis to be correct 
in the case of carbon, silicon, and boron. Nilson, Pettersaon, and 
Hnmpidge have recently proved the same for beryllium. The 
specific heats of these elernenta increase with the temperature, nt 
first rapidly, afterwarda more slowly, until they become almost 
constant at high temperatures. The values obtained at hi^h tem- 
peratures agree fairly well with the law of Dnlong and Petit. 
The smalleat atcechiometric quantities (equivalent to one part by 
weight of hydrogen) of theae four elements are — carbon 2'9I>, 
boron 3-63, silicon 7"08, and beryllium, 4'55. The atomic 
weights must be simple multiples of these numbers. 

In the following table c gives the specific heats at higli 
temperatures, A the atomic weights, which on multiplication by 
the specific heats yield the atomic heats A . c. 
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BerylUom .... 
Boton 

'. Carbon .... 
SUicon 


0'621 at 600" C. 
0-5 ' „ 000= 
0-469 ,. 980= 
Oms „ 230° 


91 

10-9 
11'97 
2e'3 


6 64 

S'5! 
6-74 



These values of A obey the law of Dulong and Petit fairly 

F'Well ; but it is clear that this law would not have led to their 

. adoption if they had not already been discovered by other methods. 

AJI the elements which exhibit deviations from the law, their 

bomic heats being too low, have small atomic weights, and are, 

on-metais. The law always applies to elements with 

mic weights thirty-six or forty times that of hydrogen. 

§ 16. Specific Heat of AtomB in CompoandH. — The law of 

Dulong and Petit also holds good for elements in the state of 

combination. The specific heat of a oompound in the solid 
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^ts of its H 
I have — V 

1 



state is approxunately equal to the earn of the specific heats 
conBtitneste. In the case of silver iodide, for example, we 
Silver . . A. c = 107-66 x 0056 = 6-1 
Iodine . . A . c = 126-64 x 0-054 

Total 12-9 

The specific heat of silver iodide (Agl) is c= 0-061. 

this valne is nmltiplied by the snm of the atomic weights, then 

we obtain the capacity for heat of that qoantity of the compound 

represented by the formula, Agl. 

c (Ag + I) = 0-061 X (107-66 + 126-54)= 14-3. 

This is only a little larger than the sum of the specific heats of 

the conatituenta. In the same way, in the case of silver bromide — - 

Ag.c = 107-66x0056 = 6-1 

Br.c= 79-76 X 0-084= 6-7 

Ag + Br= 187-42 12-8 

and (AgBr)c = 187-42 x 0-074 = 13-9. 

The stcechiometric quantities of these substances composed 
of two thermic equivalents or atoms, Agl and AgBr, require 
about thirteen units of heat to raise their temperature by 1°C., i.e. 
double as much as a single atom. Compounds containing three 
thermic atoms have a capacity for heat three times as great, 
namely, 3 x 6-4, i.e. 19 or 20, In the case of lead bromide and 
iodide — 

c.(Pb + 2Br) = 0-0533x(206-4 + 2x79-76) = 19-5 
c.(Pb + 2I) =00427x(206 4 + 2x 126-54) = 19-6 

and the snm of the atomic heats of the elements are 
6-4 + 2x6-7 = 19-8 
6-4 + 2x6-8 = 20-0. 

This fact is made use of to determine the thermic equiva- 
lents of those elements of which the specific heat cannot be 
directly determined. If the specific heats of iodine and bro- 
mine were unknown they could be approsimfttely calculated 
from the preceding data. 

35-37 parts by weight of chlorine units with the thermic 
atomic weight of silver, Ag=107-66, and form 143-03 parts by 



\ 



ATOMIC HEAT 27 

■weight of silver chloride, 70-74 parts by weight of chlorine nnite 
with one atom of lead, Pb=206'4, to form 277-14 parts by weight 
lead chloride. On multiplying these quantities by the corre- 
sponding values for the specific heats, the product ia the capacity 
for heat of the stoschiometric quantity of the compounds; 
deduct from this the atomic heat of the metals, and the 
remainder is the capacity for heat of chlorine. 

c . 14303 = 0091 X 14303 = 130 

c . Ag = 0'056 X 107>66 = 6-1 

ICapacity for heat of 35-37 parts by weight of chlorine 6-9 

c.277-1 =0-066 X 277-1 = 18-3 

c.Pb =0-031 X 206-4 = 6-4 

Capataty for heat of 70-74 parts by weight of chlorine 1 1-9 

Consequently the thermic equivalent of chlorine = 3o-37, 
and the quantity which ia attached to one atom of lead is twice 
ihie amount and represents two atoms, as the capacity for heat is 
Siearly equal to twice 6 units. The thermic equivalent or atomic 
ireight of an element can be deduced by means of the specific 
i&t of its compounds, even when the atomic heata of the 
felements united with it are unknown, provided these elements 
form an analogous compound with an element of known atomic 
heat. For example : — 

11-97 parts by weight of carbon 
and 47-88 „ oxygen 

□nite with the thermic equivalent of lead = 206-4 to form 
266-25 parts by weight of ceruseite. This mineral has the 
specific heat o = 0-080 and the capacity 

0080x266-25 = 21-3. 

The following metals unite with the same quantities of 
carbon and oxygen : — 

136-9 parts of barium forming 196-75 parts by weight of 

witherite c = 0-i09; 
87-3 parts of strontium forming 147-05 parts by weight of 

strontiaaite c = 0-146 ; 
39-9 parts of calcium forming 99-75 parts by weight of 

arragonite c=0-206. 
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These qiiantities have, according to F. Nemnana'B disooTeiy^ 
the eaire capadtr for heat ae cerassite. 

Witherite . . 196-75x0109=21-4 

Strontianite . . U705 x 0145 = 21-3 

Arragonite . . . 99-75x0-206 = 206 
From this we coodade that the amoaiit of each metal contaioed 
in these eomponnds represents the thermic eqaiv&lente. Bnnfien 
hae proved bv expemnent that this is the case with regard to 
calcium. 

In this war the thermic equivalents of several elements have 
been arrived at, which conld not be determined directly, and d» 
not on this account appear in the table on pages 22 and 23, 
viz. 

Chlorine CI = 35-37 

Rnhidiam Rn = 85-2 

Strontiom , , , Sr = 87'3 

Bariom Ba= 136-9 

Bat still the elements mentioned in § 13 remain exceptions, aa 
the capacity for heat of their compounds is smaller than th* 
value calculated from the number of their constituent atoms. 
This is also true of nitrogen, fluorine, oxygen, and hydrogen, 

§. 17. RelatioB between Atomic Weight and Taponr Density. — 
As by chemical methods alone it was found impossible to fix the 
value of the atomic weights, other physical methods than the 
crystalline form and specific heat were soon employed. The 
most important of these is the law of combining volumes dis- 
covered by Gay Lussac and Alexander von Humboldt at the 
be^nning of the present century. According to this law a 
simple relation exists between the volumes of the different gases 
(measured under similar conditions of temperatore and pressure) 
entering into combination or mutually decomposing each other. 
The densities of the gaseous elements at the ordinary tem- 
petatnre compared with air or hydrogen are as follows : — 
Air ^ 1 Hydrogen b 1 

Hydrogen . 006926 100 

Oxygen . . 110563 15-96 

Nitrogen . . . 0-9713 14-02 

Chlorine . . . 2-450 35-37 



ATOKIO WKIGnT AND VAPOIIR DUNRm* 
Tlipw pIcmuntiB uiiik' togetlipr iu llio fallowing pmjHirt.io 
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T)i(^ coiniiiiiing wi'lglitn of the gautouB I'leuieiita ure oit.h«r 
reotly )tro[>orl,ii)iial t'O tliPir donxitioK or to a iiiinpk* muUiplQ 
r tlioir ilt>ii»itinB. '^hl^ i(iin])ltfNl. IiyjKit.Iiews i« tliat. tin' wttmuo 
^eights are proportionftl t-o tho ilDUHitioa, I'.o, to tho wciffht of 
iqiial voluimiiKirthnKnHt'H. 'Iliiit in to Hny, Mint nriilt^r Miiniliircuti- 
l||itioni« of tempt 'rat 11 ro and iiroHxurn equal vulumi^H of (.he ilitlMtinb 
utiouti oloniontx contain tlii^ Hami^ number of ivtoniH. IteriiHliuB 
■tuilo this iiMMumptiDii in opiioNitiim to Daltuii'it viewx. 'Wlu>n 
(biB law wiiB iippliiMl I'D t'li'MLi'DtH wliioh only iwMuaiG tlii> gmitKinB 
Uit« At high ternperaturoH tlic liillowiug resulta were nbtaiiied :— 



Sulpltnr 
■ffhoiplioruH 



roupy 

In tho»e eaw'H Mio ileiioiticM cdtnpFireii witli Iiyilrngiiii cannot 

I regnriled aH tlu' iitonib weiglitx ; for tlie many anrtlogieH 

^twwn oxygen iinil sulphur kIhiw thiit tliv atomio weiglit 

r the latter in ulmiint exactly tloiilile that of thv furnier, i.e. 

1.81 "1)8, not H5'll4. The clowe Huulogy hi'tween the eonipnundB 

hof nitrogen and those of phoHphoriia and amouia indicate that 

1 NwH, tJit'ii P = 31 luid Abb75 ; that in, the atoniio weights 

, ia tlie uiutt' of jihoMphoniM aud arHemc, only half the 

I dennitioB; for only in the latter two will tlie oorresponding 

bydriduti hnvo tho nmdoguiiH fortiiulio, NIIj, Pll^ nnd AtiK, ; 

if tJie iitnmie weightu art) doubled the two lattor niust be 

rcprcBcntod by the formulm I'll, and AbII,,. 'I'heiv we alno 

■ good groiindN for doubting that th« ut>um of ni(>rcnry in only 

1 too tiniuH heftvier than the atom of hydrogen ; (lonsequently 
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w<i^^ aonad at hf Hdb ■ulfcttl. e^. iknc of iodine i 
knnns, agi— * wiA A» m ■■!!■ «ihiaT»*iil ft^ jAIjwtw^ iml ofliwn 

I IS. VottfAcimMhtMBdwii&ntBqnnbBti. 
n» i MUwit tlfcuiW ^Kd ta i lfto i uiiiiiug tlie eqoinleot 
w ^lito of Aft doMnto led to i Mbml molts. Ite atonic 
■cqglilB 'Iwi'iwfi'* bf the *^'™'''^. aledrolyticT ctysl^logTi^ic 
or dxnnic iPBtfaoih oocnomllj' agreed and ocaaoaaUj dis- 
i^eed. It is not HU|aiui^, Aendbre, tint titerc was a great 
want of anuumitf in tlie views vUch Aemiata lield omcaniiiig 
theae Ihndampiital valoes. 

Is tpbe of gveat difficulties, BcndinB anderstood how to 
make nae of fint one and tiiai aaodier of tiiex phvsical amj- 
Vtnea and wiA aodi aooeees tliat, with a few excepdcns, the 
atTBnir wo^rts ke lauy oa ud aie in nso at the present day, 
■Idmwgfc tli^ were (or a time replaced by tite Tslaes proposed 
If Leopcdd Gmelin, which, were ba^ed on rkaltcm's results. lb 
M tme the vidorr of the atomic weights of Berzelios was not 
won bf himself, bat to a certain extent by his most actire oppo- 
Benta, viioae riews he stronglf disputed. 

Tbe RCoH of this ioog and complex discnasicHi was to clear 
and alrengtben oar views. In &e present day a difference of 
opinion may exist (or a time regarding an elemrait which has 
not been liionHi^iIy investigated, bat no dispate can arise on 
the (ondamentnl principles invcJred in the detenmnadon of 
atomic weights. Heee principles were first clearly explained 
hy 8. Oaanizzaro in 1858, when the apparent contradictdoos 
betweeo certain resnlts were eatis&ctorily cleared away. 

( 19. Avogidio'i Hypothesis. — Cannizzaro was the Srst to 
point oat that an entirely fal% constmctioii had been placed 
«a the nJation which exists between the density of a gas or 
I Ae combining weight, in spite of the fact that in 
1811 AnndeoB Arogadro had ^ven perfectly correct instmctioos 
m to llie mnmer in which this relationship was to be employed. 
fhom Gay Lossac's recently discovered law of combining 
I, Ajoffldro enunciated the hypothesis that nnder simUar 
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conditious of temperature nnd preusure, equal volumeii of gases 
contain the same niimber of particles, which need not of neces- 
Bity be otoniB. He colled these particles ' molecules,' from 
m'flecukt; a small mass (molisii). 

Although Avogadro's hypothesis was not the only one pos- 
sible, it was by far the most probable. Nevertheless for a long 
time it failed to meet with approval, and the views held by 
chemists were in many ways directly opposed to it. For example, 
for half a century no one opposed the views held by Dalton and 
Gnaelin, that water contains one atom of oxygen and one atom 
of hydrogen, although as a necessary consequence it follows that 
a volume of oxygen must contain twice as many atoms as a volume 
of hydrogen. 

If each particle of water contains the same number of 
atoms of each constituent, then one volume of oxygen must 
contain the same number of atoms as are contained in two 
volumes of hydrogen. For two volumes of hydrogen unite with 
one volume of oxygen to form water. 

The chief reason why Avogadro's hypothesis failed to meet 
jognition was that at this time there was no real necessity 
p applying it (as Avogndi-o had done) not only to the elements 
Bt to their compounds. At this period only a few gaseous 
npounds were known, and little importance was attached to 
manner in which their chemical formula} were written, 
(out the middle of the present century the necessity of a 
JBtematic classification of the numerous newly discovered 
Irbon compounds, the so-called organic compounds, made itself 
Avogadro's hypothesis, which had so long lain dormant, 
B admirably adapted for this purpose. At first its applica- 
1 waa partial and limited, until C. Gerhardt, made a logical 
e of it, although mainly with the object of classifying chemical 
comiKiunds. 

§ 20. Phyaioal Basis of Avogadro's Hypothetis. The Kinetic 
Theory of Oasea. — Avogadro hiwl pointed out the extraordinary 
similarity in the physical properties of different gaaes, more 
particularly the uniformity exhibited by the influence of tem- 
perature and pressure on their volume and density, as stated in 
Uoylu's or Mariotte's law and in Gay Lussac's law. lie was of 
opiuion that the only possible explanation lay in the hypothesis 



32 OUTLINES OF THEORETICAL CHEMISTKY 

that all gases contain the same number of particles in equal 
volames, nieasured under similar conditions of temperature and 
preoBure. For if oae gas contained double or treble the number 
of particles contained in another, it would be almost impossible 
to anderstond how the relations between density, temperature, 
and pressure could agree under these conditions ; but it is 
obvious that if the same number of particles of different gases 
are contained in equal volumes, then the same change in pres- 
sure will be effected if the volume is increased or diminished to 
a certain extent or the temperature altered by a certain number 
of degrees. 

This idea of Avogadro has received decisive confirmation as 
a result of the new development of the mechanical theory of 
beat. Tliis theory starts from an old hypothesis which was 
developed by Daniel Bernouilli in 1738, According to this 
theory, the individual particles of matter in the solid state occupy 
definite positions with regard to each other. In the liquid state, 
although the particles have the power of moving about freely 
toey are attracted to each other ; but in the gaseous state the 
particles are entirely detached from each other : each particle 
roovea about with great rapidity and rushes forward in a straight 
line until it comes in contact with another particle or some 
other impediment, from which it rebounds like an elastic ball 
*nd continues its movement in a new direction. The pressure 
of a gas results from the sum of the impacts which the particles 
exert on the body they come in contact with — the sides of a 
vesBel. for example. Consequently the pressure increases, as the 
nainber of particles in a given space and as the velocity of tho m 
particles increases. 

This old hypothesis was rediscovered in 1850 by KrOnignl 
■^oule, and Clausius, and received a more systematic developmenfav 
^t' the hands of Clausius. It forms the basis of the theory knowa j 
^*> the theory of molecular impacts or the molecular theory o 
Saaes. According t^^ this theory the pressure exerted by a givanV 
Volume of gas is proportional to the sum of the kinetic energy g ~ 
^•he rectilinear motion of all the particles contained in the unit of .1 
Volume. By kinetic energj- we understand half the product of | 
*'ie mass into the square of the velocity. The pressure of the t 
gas is proportional to the sum of the products obtained by J 
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1 multiplying the mass of each individnal particle by half the 
. square of its velocity. And as, according to Gay Luesac's law, 
the pressure varies in proportion to the temperature, it follows 
that the sum of these products is also proportional to the 
temperature, and consequently for constant mass the tempera- 
ture is proportional to the square of the velocity. 
^^ If we have equaJ volumes of two different gases at the same 
^^Ltemperature and under the same pressure, then the total kinetic 
^^KpDBTgy is the same in each volume. But according to Avoga- 
^B~dro's hypothesis the number of particles in both gases is 
identical ; consequently the average kinetic energy of each 
individual particle will be the same. If the two gases are 

^ brought into communication with each other, they mix together 
without any change of temperature or pressure taking place, 
providing of course that the gases do not exert any chemical 
action on each other. In this mixture, again, every particle 
will have the same kinetic energy. 
Without the aid of Avogadro's hypothesis, we are at once 
Burroaaded by difSoultiea. Let us assume that one gas contains 
twice as many particles in a certain volume as another gas, then 
each particle of the first gas has only half the kinetic energy of 

»the particles of t.he second, for the total kinetic energy is shared 
by double the number of part.icles. By the laws of mechanics, 
it is impossible that this condition should continue when the 
gases are mixed together; and as the particles are frequently 
'Ooming into collision with each other, those doubly endowed 
with kinetic energy must give up a portion of their energy to 
the other particles. Bat if this transference of energy takes 
place, then the two gases will cease to be under the same tem- 
perature and pressure, because temperature and pressure are 
^^pjtroportional to the kinetic energy of the gases. Avogadro's 
^Hiiypotbesis is the only means of arriving at results conforming 
^^Bd the laws of mechanics. 

^^ This is one of the most powerful arguments in support of 
Avogadro's hypothesis. Its truth is now no longer disputed. 
5 21. Holecnlar Weights of OaseB. — The relative values for 

ithe molecular weights of all gases can be easily determined by _ 

means of Avogadro's hypothesis. The absolute weight of the ■ 



34 OL'TUNES OF THEORETICAL CHEMISTHY 

fact that the weight W of a given volume of a gas is equal to 1 
the soin of the weights of all the separate particles contained i: 
it ; so that 

where n represents the number of particles and m the weight of 
ft no^le particle, i.e. the ' molecular weight.' 
For a second gaa 

W'=w'.m'. 

In these equations, n, n' and m, m' are unknown values, but 
the weights W and W can be determined by experiment. 

By comparing quantities of two gases which occupy equal 
volumes under similar conditions of temperature and pressure | 
we have according to the hypothesis n^n', and 
W:m = W' :w.'; 
m' : m=W' : \V. 

The relative values of the molecular weights can be easily 
Balcnlated from the weights of equal volumes of the two gases as 
•■certained by experiment. If the unit of volume is 1 litre = 1 
cubic decimetre, or even a cubic centimetre, then the weights W 
■ud W indicate the weight of the unit volume, or the densities 
'I and W. 

The equation 

m' : vi=d' : d 

tfl^fiei* that the molecular weights of different gases bear the 
]^^« fatio to each other as do their densities, if the latter are 
'••••'inirwid at the same temperature and pressure. 
•*>*> particular standard used in measuring 
'WWi'ttnal, dltJiough it ia customary as well as convenient to use 
*" '"* "tAndard of comparison dry hydrogen or dry atmospheric 
•♦V (V«n tenrn carbonic acid. It is always understood that the 
n<1>«Vn«on between a given gas and the standard is made under 
Wmtbir (Wioditions of temperature and pressure. With this 
'***|'***V«''-'«i the above law may be briefly formulated thus : the 

****^i\n,r Wftights of gases are proportional to their densities. 
^^ "^'V** lcinAt.ic theory of gaaes has also provided a possible means 
vjv""" '^'wmination of the number n eliminated from the pre- 
^«BfHnqr nqiiadi^j^,^ bat at present merely a rough estimate of 



1 



n 
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t tbe value of n lias been attempted. At 0° and iindar a preasure 
of one atmosphere a single cubic centimetre of any given gas 
contains about 20 trillion particles or molecules. Divide the 
weight of a cubic centimetre of the gas by this number and we 
obtain the weight of a single particle. In the case of hydrogen, 
the lightest of all gasea, a particle weighs 

0000,000,000,000,000,000,000,004 grammes, 

or one quadrillion particles of hydrogen weigh about4 grammes. 

The particles of other gases weigh more in proportion as 

they are heavier than hydrogen. The minuteness of the 

molecular weights calculated in this way, but more especially 

k their doubtful accuracy, has prevented the use of these absolute 
ralaes, and the relative molecular weights auiBce for the 
■present. 

5 22. Unit of Molecular Weights. — The same reasons which 
led to the adoption of the a.tam of hydrogen as the unit of 
atomic weights caused hydrogen to be chosen as the standard 
of molecular weights. At first sight it would seem beat to take 
the molecule of hydrogen = 1 and compare the molecular weights 
of all other gases with this unit, i.e. represent their molecular 

I weights by numbers indicating how many times heavier they 
*re than hydrogen. This is certainly permissible, but it is much 
more convenient to compare the weights of the molecules, which 
*re composed of atoms with the same standard by which the 
Atomic weights were measured, so that the molecular weights 
%ay be directly represented as the sum of the atomic weights. 
In order to do this it is necessary to know what relation the 
molecular weight of hydrogen bears to its atomic weight. The 
molecnSar weight cannot be smaller, but it may be larger than 

I the atomic weight, as the molecule may contain several atoms. 
^e are compelled to assume that it contains more than one 
Btom, as gaseous hydrogen compounds are known which onlv 
Itontain half as much hydrogen as is contained in the same 
pslume of free hydrogen. 
' As one volume of hydrogen combines with one volume of 
■chlorine to form two volumes of hydrochloric acid, it follows, 
from Avogadro's law, that each particle of hydrogen and chlorine 
produces two particles or molecules of hydrochloric acid, as the 
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two volumes of fclie latter gaa contain, accordiDg t^^ this hypotlieBia, 
twice as many part.iclea as are contained in one volume of one of 
its constituents. And as a particle of hydrogen and a particle 
of chlorine can divide into two parts, it most conaiat of at least 
two atoms. It cannot contain leaa than two, but it may contain 
more ; but there ia no reaaon for asanming the existence of more 
than two atoms in the molecule until a compound is discovered 
which contains less than half its volume of hydrogen. 
The molecular weight of hydrogen is represented by 
?^ = 2H=H, = 2. 

§ 23. Calculation of Holecolar Weifhta.^-Wheu the unit 
is chosen the calculation of the naolecular weight of any other 
gaseous substance is extremely simple; for, according to § 21, 
m I m'^d r d ; 




The molecular weight of any gas ia calculated by multiplying- 
its density compared with air at the same temperature and 
pressure by 28-876. 

The relation is even more simple when the density is ex- 
pressed in terms of hydrogen instead of air : — 

m'=Hj=2 and S'=l ; 
and m=2 - 8. 

This calculation yields the same results as the previous one, 
for the densities compared with air d are to the densities com- 
pared with hydrogen S, as 

d:d'=B: S'; 
ci: 0-06926=5; 1; 
rf=0-06926xS; 
8=14-438 xd. 
The densities of gaaea would no doubt be directly compared 
with that of hydrogen if it were not for the great experimental 




I 
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difficulties involved. This is the reason why the comparison 
with air ia, aa a rule, preferred. 

The factors 14'438 and 28'876 in the preceding formulGe 
have a very simple meaning. The first number representa the 
Bpecific gravity or density of dry atmospheric air in terms of 
hydrogen ; the second number, which is double the first, repre- 
eents the mean value of the molecular weights of ite constituents. 
In the case of 

Oxygen . d=l'10563, S=15-963, m=31-93. 

Nitrogen rf=0'97137, S = U-025, m=28-05. 

But according to Bunsen, 100 volumes of air contain 

Oxygen ..... 20-y6 volumes 
Nitrogen .... 79'04 „ 

Now, according to Avogadro's hypothesis, eqnal volumes of 
the two gases contain the same number of particles ; therefore 
10,000 particles of air contain 

2096 particles of oxygen ; 

7904 „ nitrogen. 

But as oxygen is heavier than nitrogen, the average weight of 
« particle of air is 

2096x31 ■98 + 7904x28-05 



10000 



= 28-86. 



This result closely agrees with the value 28'876. This number 
has no real meaning, because no existing particle of air has this 
■weight ; but it may be conveniently used in molecular weight 
■calculations, as the molecular weight of any given gas bears 
the same relation to this value as the density expressed in terms 
of air does to 1 ■ 

§ 24. Correctioa for Errors of Ezperimeut. — The molecular 
"weights calculated by either of these methods generally require 
correction. The determination of the densities of gases and 
vapours, like all other observations, are liable to errors of 
experiment, which in some cases are considerable. Another 
point to be noticed ia, that the expansion of different gases by 
lieat, and the relation of their volume to pressure, is almost 
l)ut not absolutely identical. 
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onform telfl 



Heooe it follows that if two g&see exactly eonform 
ATOgxlro's law at a certain temperatnre and preEsnre thev will 
no longer do so at any other temperature and pressnre, as both 
giaeB wiQ not change their volnnie to abeolotely the same extent. 
SiBoe the denations are bnt Email, we maj use the method men- 
tioned in the preceding paragn;diB, in ord^ to make a fairlj- 
■miiiliiilrtiiiiiiiiialMiiiiif lliii iiiiilu iilai ari^hlii, imiT Un ii correct 
tlMTalaes so obtained. The oarrectioB is effected bv making nse 
cf the fact that each molecule is oompoeed of atoms; its weight 
UQEt coneeqnently be eqnal to Uie mm of the weight of the 
atoms contained in it. 

lite densi^ of hydrochloric acid gas is (bund by 
to be 1*247. Analysis proves that this gas nmtaina 35'37 
hy we^ht o( chlorine to 1 part br weight of hydrogen ; there- 
Son the molecnlar weight of this compoond most either be 
•=1+35-37=36-37, or a simple mnlriple of this nnmbCT, as 
lea Amn a whole atom of hjdiogeii (=1) cannot be present 
in die eomponnd. The prodnct of the density by 28-87 is 
dx2a-87=l-247x28'87 = 36-0, which agrees with'the ralno 
«if«iUfa»»l from the atomic weights ; the difference is due to 
oms of experiment, and 3637 must be held to be the oorrecfe 
■oieeolar weight. 

MarA gas ctmtains 2'l>9-25 parts by weight of carbon fitt 
1 part bf «^[lit of bydn^n. The mcdecular weight most bo 



■»=i.(l+2-P92o) = 



39925, 



aa ivlikli m stands (or a whole number (possihly m= 1). Thb' 
I with air=0-555, and the molecular wei^ii 



»'= 28 87 X 0-555= 16-02. 

Vbii it iiwgfcly fiair times the smallest Taloe possJUe ; cona&- 
ifpiMliy tihe (me Tahu is 

•1=4 X 3-9925 = 1 5 97 = (4 + II -97). 
HKw flpsjlcmtar wet^t consists of 4 parts by weight of 
Ai^tiftK^W amA 11-97 parts by weight of carbon. In th^ ws; 
<^ tnM.leQdM' m^^ts of nomeroas sohstancm which can be 
vaLamUsod mduaut decanpOBitiQn have be«n determined. 
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^^ § 25. Determination of Atomic Weights from Holecnlsr 
Weiglitfl, — As the atoma are indivisible particles (aro^ot) a 
molecnle cannot contain leas than a whole atom. Hence the 
molecular weights of compounds offer special facilities for the 

» determination of the atomic weights of the elements. 
The smallest quantity of an element which is found to exish 
in the molecular weight of any of its compounds is the maximum 
Value of the atomic weight. This smallest quantity must con- 
tain at least one atom ; it may contain two, three, or more atoms. 
We are justified in regarding this smallest quantity as the atomic 
weight, if no good reasons exist for believing tliat this smallest 
quantity consists of more than one atom. It will be seen lat^r 
on that methods are not wanting which prevent the possibility 

I of errors of this kind. 
The following table comprises a list of those subatances 
which contain the smallest quantity of the given elements in 
the molecular weights of their compounds. The first column 
contains the names of the compounds ; the second, under d, the 
density compared with air ; the third, the corrected molecular 
' weights calculated from the densities ; the fourth the amount of 
the element contained in the molecular weight; the fifth, the 
^^ chemical equivalent ; and finally the sixth contains the thermic 
^L equivalent of the element, if the element be known in the solid 

P: 



Vapoub Dbnbitibb, Molboular and Atomic Wbiohtb 





Denrtly 


WeLgbt 


Amwmt 


0LBni™l 


■Tbermlo 








BqulTBlent 


BqnlTslentl 




0713 


2006 


F : 1906 


19-06 


19-06 1 


Hjdrocbloric acid 


1-24T 


36-37 


Cl: 36-37 


35-37 


36-37 


Hydrobromic aoid 


2-71 


80-76 


Br : 79-76 


79-76 


79-76 


flydriodicBoid . 


4-443 


127-54 


I : 128-64 


126-54 


126-S4 


Water. 


0-623 


17-96 


: 1596 






8nlpharett«d hydro- 












gen . 


1191 


33-98 


S : 31-98 


16-99 


31-98 


Seleoiiim dioxida 


403 


110-8 


Se : 78-77 


30-43 


78-&7 


TeUnrinm dichloride . 


6'9 


195-7 


Te : 125 




125 


Telloriuoi tetrachloride 


s-n 


268-5 


Te : 125 


63-6 


125 


Ammonia . 


0-597 


1701 


N : 14-01 


4-67 


14-01 


Nitric oilde 


1039 


2997 


N: 14 01 


4-67 


14-01 






33-96 


P: 30-96 


io-3a 


30-9a 


PhoBphorons chloride . 


4-88 


13707 


P : 30-96 


10-32 


30-96 


Anise 


2-695 


77-9 


As : 74-9 


2497 


74-9 


Arsenic chloride . 


6-3() 


1810 


Aa : 74-9 


24-97 


74-9 


Antimony trichloride . 


7-8 


225-r 


Sb : 1196 


39-87 


119-6 



^^^^^^oumNE^^^EOMnci^SSS^^^^^^H 








- 


„...., 


Weight 


in»».t 1 (!!i*nil«l TUsraili ^1 




lliamntb irichloride . 


11-35 


313-4 


Bi ; 207-3 


69-1 


207-3 




Stannio chlorida . 


9'20 


21i0-3 


Bu : IlB-8 


29-7 


118-8 




eiennanium chloride . 


1-U 


213-8 


Gb : 72-3 


18-07 


72-3 




Thorium chloride 


I2'i2 


373-5 


Tb : 232-0 


B8-00 


232-0 




Zirooninm chloride . 


8'IB 


231-9 


Zr: 90-4 


22-6 


90-4 




Titanium chloride . 


e'81 


189-5 


Ti: 48 


12-0 


48 




Silicon chloride . 


6-94 


169-8 


Si : 28-3 


7-07 


28-3 




Mareh gas , 


0-65S 


lfi-97 


C : 11-97 


2<09 


11-97 




Carbon monoiide 


O'sea 


27-93 


C: 11-97 


2-99 


11-97 




Boron chloride . 


402 


117-0 


B : 10-9 


3-63 


10-9 






4-56 


133-16 


Al : 27-04 


9-01 


27-04 




Indimn chloride . . 


7-89 


219-7 


In ; 113-8 


3-70 


113-6 




Gallium chloride 


4'82 


17S-0 


Ga : 69-9 


2-33 


69-9 




Berylliara chloride . 


2-77 


79-82 


lie : 9-08 


4-54 


908 




Thallium chloride 


8-2 


239-07 


Tl : 203-7 


203-7 


203-7 




Lead chloride . 


9-6 


277-1 


Pb : 206-4 


108-2 


206-4 




Zinc chloride . 


*-57 


185-84 


Zn : C6-1 


32-55 


65-1 




Cadmium bromide 


e'26 


271-2 


Cd : 111-7 


56-86 


111-7 




Mercuric chloride 


9-8 


270-(> 


Hg : 199-8 


99-9 


199-8 




Chromium trichloride. 


5-47 


168-56 


Cr : B2-45 


17-48 


62-46 




Ferric chloride . 


4'32 


161-99 


Fe; 55-88 


27-94 


66-88 




Vaoadium chloride . 


6-69 


192-8 


T: 61-1 


12-8 






Molybdetiom chloride 


S-iS 


272-7 


Mo: 9E-9 


19-2 


96-9 




Tungsten pantacblo- 














ride. . . . 


12'7 


360-4 


W ; 1B3-6 


36-7 


183-6 






132 


395-8 


w : mii-B 


86-7 


183-8 




Uranium tetrachloride 


1333 




U ; 239-0 


69-76 


239-0 




Niobium chloride 


B'G 


270-6 


Nb : 93-7 


19-74 






Tantalum chloride 


12 9 


358-8 


Ta : 182 


384 






Kutheninm letroiide . 


6'77 


163-3 


Bu ; 103-5 


12-94 


103-5 




Osmium tetroxide 


S-9 


254-8 


Oa : 191 


23-87 


191 




CnprouH chloride 


7-06 


197-1 


Cu : 126-36 


63-18 


63-18 




It is only in the case of a small number of elements that the fl 


■ chemical equivalent is identical with the atomic weight deduced " 


■ from the molecnlar weight ; as a rule, the chemical equivalent is 


H a sub-multiple of the atomic weight, and is therefore entirely 




H weights coincide with the thermic equivalents and the latter 


H agree with the cryataliographic equivalents. 


H The smallest quantity of the element contained in the mole- 


H cular weight of the compound is double the thermic equivalent 


■ only in the case of cuprous chloride. But even tiia case does 


B not form an exception, if we assume that the molecule contains 


H two atoms of copper. This shows that Cannizsaro was justified 


^^^ 
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in the atatemeiit made in 1857 thnt the molecular weights ctm 
I be determined by means of the vapour density and the atomic 
tveighte by the specific hwit. 

3. PoBsible ErrorH. — It is obvious that tho calculation of 

I molecular weight from the density can only be made iu the case 

igeneouB gdsea. If it be attempted to apply this method 

^ to gaseous mixtures, the result obtained is only the mean value 

of Jill the molecular weights contained in the mixture (firfe § 23), 

^staking such a mixf.ure for a hornogeneous gas may lead to 

grove errors, 

The molecular weight oilculated from the observed density of 
the vapour of ammonium chloride is 

vi' = dx 28-87 = 0'80 x 28-87 = 25-69, 

I which becomes after correction by the known combining weights 
I of hydrogen, chlorine, and nitrogen : 

m = 2 + 17-685 + 7-005 = 26-69. 

The quantities of chlorine and nitrogen (17-685 and 7-005 
parts by weight respectively) are only half as large as the amounts 
feund in the molecular weights of other compounds. If these 
quantities really do occur in the molecular weight of this com- 
ponnd, they must be regarded as the atomic weights of these 
elements, and we must assume that at least two atoms of these 
elements are coutaiued in all their other compounds. But 
Pebal has shown that ammonium chloride splits up into equal 
volumes of ammonia and hydrochloric acid when it is converted 
into vapour. Its density is tJierefore the arithmetical mean of 
the densities of these two gases, and only one-half of the mole- 
cules present In the vapours contain chlorine j the other half con- 
tain nitrogen. The densities of the constituents are 

yumouin d = 0-69 
fdrochloric acid , . . . d= 1'25 
Mean 0-92 
iU 
nr 
,6 



I 



I'fThe molecular weights are 
Ammonia . 

Hydrochloric acid 



= 14-01 + 3 = 17-01 

= 30-37 + 1 =36-37 

Mean 'IG-G'J 
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OthiM' ammomuin salts, certain compoonds of pbosphoms, 
Rtid other substAnces also exhibit abnormal vapour densitiesuV 
Til**? f\>Ri{xtntids cannot be used for raolecnlar or atomic weig! 
dMvnniutKius. 

Ok Ibe other I»im1, if the vapour density is determined at 
tott low* tvnptnrtnie tlte raulting molecnlar weight mavbe too 
hifku Muif SBbstaBces when rolatilieed at the lowest possible 
IWiftBtthUB ^rrv a rapoor tbe density of which, compared with 
timfoAetgjame^ ts tu^b, bat at higher temperatures yield a 
VwIU^wly^ lif^ v&pour. If the rapoar density is determined for 
» wrttfM lit DettiperaCuree, it is f^^and to decrease as the tempera- 
bant ritMt until a point is reached above which it remainft 
itMkWy couituiti. The chlorides of alnminium, gallium, and iron 
MtMVM iu thi» way. To explain this behavioor it is asanmed 
Ikftfe whvu thtw(» compounds are first converted into vapour they 
W Itft itt uav« !ie|)ttrat» into isolated particles, but into aggr^a- 
tJMui of )uult<Gule«», generally consisting of two molecules. These 
mHi^MliouagriMlunlly break up as the temperature rises. Their 
tti«M>lutioti may also Iw aided by reduction of pressure or by 
•uhiiixtmt. wirh an inditferent gas. 

^ '^7. MoImuIm: Weights of the Elemeuta. — The molecular 
vtvl^htn >.•( Mu' t'U'iiutits can be determined in the same way as 
*lni iit^iletjulaf wt'iKhttt <A' oomjxmnds. Some are identical with 
*W fchutiitlv atuutic weights, but as a rule they are la^^r than 
iKw l«l>tm-. Thu following table gives a list of all the molecular 
''(»»iKht»t uf ilio olwiienU known at the present time. The first 
wJmiuu tn>»t«iui« the names, the second the density in the State 
W ifwi i>t' vttjK.ur lit thf temperature mentioned in the third 
'iH'Imimu, Ihu Aiui-lh the tiu>lecut»r weight calculated from the 
iKuMity Mu,\ uurrovtod by the results of analysis, and the fifth 
"** nUiiuUt w(.|j{hl di'UTmined by Avogadro'a (Av) or by Dulong 

Shuti. Ill' ttiu ttliMUt'utH contained in this table are either non- 
'IM'IhIw (if Mviiii-iD^tuU. t)uly a few of the metals are embraced 
I iVi •«« iltoy »w, UM A rule, difficult to volatilise ; on the other 
pM> Wilji II «iunll iiiiiiitH»r of non-metals are absent. There is 
ViMUvWrnil dillbnMu>«< Wtw««n the two groups; the semi-metals 
M tUtM--ut»l4tUk! oleuinutH contain two or more atoms in the mole- 
" i i^i\t^ tu^tlvoulvN oF Iho true metals only contain one atom. 
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It ia probable that the ductility and other properties of the 
[ metals are in eome way detsnniDed by thia peculiarity. 



. 


Dentltj 


■? 


Wolght 


ii- 


V. 


Hydrogen . . 


0'06926 


o=c 


H,- 2 


H. I 


Av 








0-9713 


0' 


N,= 28-02 


N= 14-01 


Av 








1'10563 


0" 


O,- 31-32 


0= 1E-9S 


Av 


Sulphni 






2'2i 


BiO" 


S,= e3-9fi 


S= 31-98 














Kd,. f>6'10 


Zn= 6B-tO 


At DP 


Chlorine 






2-460 


200° 


Cl,= 70-74 


01= 35-37 


AvDP 








3-94 


B40° 


Cd,-1117 


Cd = in-7 


Ay DP 


Phosphorus 






1-3S 


600° 


P,-12a-84 


i'- 30-98 


AvDP 








6-64 


100° 


Br, = 169-52 


Bi-=i 711-76 


AvDP 








568 


1420 


!^e.,- 157-74 


8e- 78-87 


AvDP 


Mercory 






6-i)8 


Hli' 


Hg, = 19y8 


Hg = lU9-S 


AvDP 










940° 


1,-253 08 


1 = 126-64 


AvDP 


Tellurium 






9-00 


1440» 


Te,"250 


Te"126 


AvDP 


Artenio 






10-2 


746= 


Aai-BHS-e 


Afi= 7-t-B 


AvUP 



The behaviour of sulphur ia very remarkable. It has 
already been mentioned in § 17 that the vapour density at 500° 
ia greater than at higher temperatures. This denaity corresponds 
to a molecular weight S^ = liJl-88, although it has not been 
decided with certainty whether the vapour of sulphur at a 
temperatare a little above its boiling point (iAS° C.) is really 
poaed entirely of hexatomic molecules. The density of the 
vapour changes as the temperature rises in a similar way to that 
exhibited by the compuunda mentioned in § 2C. 

On the other hand the density of iodine (and in a lesster 

degree of bromine and of chlorine) is abnormally low at very 

high temperatnrea. This is explained by assuming that aonie 

I of the moleculea are split up by the action of heat into individual 

atoms, and that more moleculea are aplit up as the temperature 

I rises. 

The density of iodine vapour is 

8-76 at llo° 
7-01 ,. 10-13° 
0-82 „ 1275° 
6-06 „ 1470" 

If the decomposition of the iodine molecules into atoms 
I were complete, the original density wonld be halved. Bromine 
I and chlorine exhibit similar peculiarities. 
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{ 28. Ibmemt ■Mr^—IW mubmIj of £diiigiiiduDg 

l i e t we e n atonu and inofacHlM of rlriwnti faas bom bot akndy 

hM pmrod of great BrriBe im pnyridiDg an 

cg^danalioa of cextaia ^ipaKDlly iiif'i[JiraHf jiKnoiiau. It 

been ofaaemd tfaat ibmij' elonaifa whidi, as a 

readSj' oiter into fiwnKwtion casSv unite if 

togeUier at the lon m e ot of t&eir fibtvatioD &t»n other 

In tUa qiecial^ actire "MJiHrw tits elements are 

in de 'naaoent atate.' The pecaliar beliarionr of 

BCBut state is aceoonted tor far asEuming that 

are tiien present as Lsolated atoms. Xatorally these isolated 

atotns are more ready to enter into combination than ther would 

be if tbey were alreadf nnited to similar atoms in the form of 

molecnlee. 

Hydrogen offers a striking example of the activity of 
elements in the nascent state. It is only at a high tempeiv 
atitre Uiafc free hydrogen bnms in oiygen, forming water, but 
bodi elements will onite at the ordinary temperature, or even 
at a lower temperature, at the moment of their liberation &om 
Other compounds. It is more diffiealt to combine &ee nitrogen 
with OJ^gen or hydrogen, but if the elements are in the nascent 
state combination readily takes place. It is easy to understand 
that isolated atoms at once unite when they meet each other, 
but when an atom is nnited to one or more atoms to form a 
molecule, it must first of all be detached from this molecole 
before it can form a new compound. In the case of nitrogeu 
the tendency of the two atoms to combine and form the free 
molecule appears to be very strong. 

{ 29. BetenniiLation of the Sttecliiometrio Valnes. — Having 
considered the grounds on which the determination of the 
atomic weights is based, we must now proceed to the descrip- 
tion of the methods employed in the exact determination of 
these highly important values. The process is far from simple. 
In the first place it is necessary to know, with the utmost degree 
of accuracy, the proportions by weight with which the given 
I element unites with other elements. This knowledge can only 
I be acquired by careful analyses or syntheses of compounds. 
I But all our methods of analysis and synthesis are vitiated by 
I certain errors, which can never be entirely avoided, but must be 
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I reduced to tbe uarrowest limita. Those methods alone are to 
I \>e used which can be carried ont with the minimum amount of 
j error. In analysis a certain definite weight of a compound is 
decomposed and the weight of its constituents determined. A 
distinction is made between partial and complete anatj-sea, 
according aa ope or all the constituenta are determined ; and a 
similar distinction is drawn between partial and complete syn- 
theses. When practicable, complete or total analyses or syn- 
theses are preferred, aa in theee cases we have a guarantee that 
nothing has been lost or gained during the operations, when the 
Q of the weight of the constituents is equal to the weight of 
I the compound. In many cases it is only possible to make a 
partial analysis or synthesis, as some substances cannot be 
I brought into a form in which their weight can be ascertained 
I with a sufficient degree of accuracy. 

Aa to the means for determining the weight and therewith the 

!ise of a body, the balance and weights have been developed to 

I B point of such great accuracy that the error has been reduced 

»1TbW. or ^^^^ loahno - But such accuracy can only be 

weighing stable bodies, which occupy a very small 

ft in proportion to their weight, and do not possess a very 

e Burfece ; for lai^e volumes and large surfaces increase the 

r possible errors in weighing. 

ghings are generally made in atmoMpheric air, the 

substance weighed appears lighter than it really is by the 

weight of air it displaces. Tiiis loss of weight can be calculated 

and allowed for, but the error increases as the volume of air 

I displaced increases. Air and other gases and moisture condense 

I on the surfaces of the body weighed as well as of the vessels 

I containing it, and in this way the error of weighing increases 

; with the surface. This source of error can be diminished, but 

L cannot be entirely avoided. 

In atomic weight determinations we avoid, as far as possible, 
weighing gases or liquids on account of the error introduced by 
the use of large vessels for holding them. This can be accom- 
plished by measuring instead of weigliiug these bodies, if 
kthe weight of the unit of volume, i.e. the density, has been once 
determined. 
The use of substances which easily oxidise, absorb moisture 
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from the atmosphere, or in other ways change, should he avoided 
if possible ; if it is necessary to employ them they must ba 
weighed in air-tight vessels, which have either been exhausted 
by the air-pump or iillecl with an indifferent gas. 

It frequently occurs that an element in the free state is un- 
suitable for weighing. In this case it ia converted into a suit- 
able compound, which is weighed, the amount of the element in 
the compound having been previously accurately determined. 
Chlorine is weighed as silver chloride, sulphur as barium 
sulphate, &c. 

Great care must be taken to insure the purity of the 
substance investigated and of the other substances used La 
the various operations, iu order that the bodies which are 
weighed may really have the composition they are supposed to ■ 
possess. If these precautions are neglected very grave errors [ 
will follow. 

§ 30. Relation of Stcechiomethc DeterminatioiiB to eaoli 
other. — As hydrogen has been selected as the unit of equivalent 
and atomic weights, it is desirable to compare all determinations 
with this standard. Unfortunately hydrogen only unites with 
abont a dozen other elements, and these compounds are mostly 
gaseous like hydrogen, and consequently difficult to determine 
quantitatively. Berzelius determined the atomic weights of 
nearly all the elements with which he was acquainted with 
wonderful accuracy, using as his unit the hundredth part of an 
atom of oxygen, regarding the atomic weight of oxygen as 100. 
He did this instead of using Dalton's unit, hydrogen = 1, on 
account of the difficulty involved in accurately determining the ■ 
composition of the gaseous compounds of hydrogen. He also 
occasionally made use of Dalton's unit, calculating out his 
results in terms of this standard. At the present day we are 
frequently compelled to adopt this indirect method. This in- 
direct method involves the knowledge of the proportion by 
weight in which hydrogen and oxygen unite to form water, and 
as a natural consequence this determination has been made with 
the greatest care. The ratio 1 : 7-98 has been obtained as the 
mean of numeroun concordant results arrived at by different 
methods. Water contains 1 part by weight of hydrogen to 
7'98 of oxygen, and according to Avogadro's law (5 19) we 




I 
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p<X)iisicler that water contains two tttoms of Kydrogeu, but doea 
not contain two or more atoms of oxygen. 
Therefore 

H, : = 1 : 7-98, or H : O = 1 : 15-96. 

There may be an error of one or more nnit-s in the second 

I'place of decimals : that is, an error of some thouaandthe of the 

total value. The practice of representing the atomic weight of 

( oxygen as a whole number, 1 G, is unwarrantable. Where great 

accuracy is not neceasary the round number may be used aa a 

matter of convenience, and the calculated result will be nearly 

accurate ; but when scientific accuracy ia required sucli arbitrary 

^^ alterations in the experimental reaulta are not permissible. 

^^ Having determined the atomic weight of oxygen in tbia 

^Bway, we can now compare a large number of atomic weights of 

^■•^rtlier elementa, many metala in particular, with the atomic 

weight of hydrogen. The amount of oxygen in the oxides is 

determined by analysis or synthesis. The quantity of the 

I element which unites with an atiom of oxygen is equivalent to 
two atoms of hydrogen. Whether this quantity i-epresents the 
atomic weight or a multiple or sub-multiple is ascertained by 
means of Avogadro's law, by the law of Dulong and Petit, or by 
iBomorphism. 
An example will explain the method. Beraeliaa obtained 
4-2835 grams of oxide by oxidising 2'9993 grama of pure iron, 
or 1'42817 gram of oxide from 1 gram of iron, or making the 
necessary corrections for weigliing in air 1'42836 gram of 
oxide from 1 gram of iron. One part by weight of the metal 
onited with 0'42836 of oxygen. The quantity of metal A 
oxidised by one equivalent == 7'98 parts by weight of oxygen 

^£ 1:A= 0'4283(3 : 7'98; 

^H A=18'629. 



P jiel 



This number cannot be the atomic weight of iron, for on 
multiplying it by the specific heat of the metal, c = 0-114, it 
jields the product A. c = 2-13, whilst treble the value, i.e. 6589, 
lelda 6-4. The latter number also represents the quantity of 
contained in the molecular weight of ferric chloride 



OUTLINES OF THEORETICAL CHEMISTRY 

.(§ 25) ; thia must therefore be regarded as the atomic weight of 
iron compared with hydrogen as unity. Similar determinations 
by other chemists yield almost identical results. The mean of 
the most trustworthy results gives 55-88 as the atomic weight 
of iron. 

The oxides of many elements are diflScnlt to prepare in a 
state of perfect purity. This is true of many of the light and 
vS some of the noble metals, but the chlorides, bromides, &c. of 
these elements are admirably adapted for weighing. In such 
cases the comparison of the atomic weight with that of hydrogen 
IB made by a more indirect method than the preceding. The 
compounds of silver with chlorine, bromine, and iodine are quite 
msoluble in water, and are therefore well adapted for analytical 
determinations. The proportions by weight with which these 
elements unite with siker have been very carefully estimated. 
In fact, the most correct of all the stcechiometrical determina- 
tions that have ever been made are those which fixed the com- 
bining proportions of silver and iodine — 

Ag: 1= 1 : 1-17534. 

rhis determination wag carried out by Stas with the utmost 
care and dexterity ; the experimental error is about 1 in 100000, 
As oxide of silver is too unstable] to permit of correct analysis 
the proportion of silver to oxygen had to be determined by 
several indirect methods, all of which yielded similar results. 

The analysis of potassium chlorate, KCIO^, gave the relative 
quantities of potassium chloride, KGl, and oxygen in the salt : 
KCl:O = 4-0G16 : 1. 

By converting weighed quantities of potassium chloride, 
KCl, into silver chloride, AgCl, the following ratio was obtained : 





Ag 


KGl 


= 1 : 0'69104 


ce it follows that 






Ag 


n- -^K x 


KOI 

-0-'- 


1-6616 . , 
0-69104 • 



The same result was obtained in a similar way by the synthesis 
pf silver sulphide, Ag^S, and its oxidation to silver sulphate 
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L AgjSOj. Finally Staa analysed the chlorate, bromate and lodate 
I of silver, AgClOg, AgBiOj, and AglO^ The results of these 
I analyses, and of the syntheses of AgCl, AgBr, and Agl, lead 
to the ratio : 

Ag : = 67456 : 1 

I which agrees closely with the former result. Compared with 
I hydrogen, the atomic weight of silver is 107'66, 

I Ag : H = 67456 x 15-96 : 1 = 107-66 : 1 

I Many other methods have been suggested for the indirect 
[ -determination of the atomic weights of elements in terms of 
I hydrogen. The preceding examples will suffice to illustrate the 

methods employed. 
I § 31. Selection trora Different Determinations. — Although 

no method of determination is free from error, the amount of 
error is very variable. Consequently the values for the atomic 
weights obtained by different methods do not coincide absolutely. 
But as Stas has proved by experiments, specially made for this 
purpose, that the atomic weights are constant and invariable 
values, under all known conditions, it follows that only one 
value can be accepted as correct. It is necessaiy to select 
this, the exact value, from the others. This problem is one 
frequently associated with difSculties, and requires much care 
and consideration. 

The analytical or synthetical methods employed must be 
submitted to a critical examination for the purpose of ascertain- 
ing the extent and the sources of error. 

The results of the method which is most free fiwm error are 
naturally preferred. The magnitude of the error involved in a 
particalar method can often, but not always, be ascertained by 
making several determinations by the method and comparing 
the results. This cannot, however, be done when all the 
determinations contain a common error, a so-called ' constant ' 
error ; e.g. if in a case of oxidation the reaction is not quite 
complete, a definite quantity of the element will always yieid 
too little oxide, and in all such experiments the atomic weight 
will be found too high. 
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If" the precipitation of an element is accompanied by a 
certain loss, the total weight of the element will not be obtained, 
and the atomic weight will be too low in all the determina- 

The constant errors are more to be feared than the casual 
errors, becanae they lead ns to believe in a degree of accuracy 
which in reality does not exist. This explains why Gauss's 
method of least squares is seldom used in atomic weight 
determinations, althongh, as a role, it is well adapted for deter- 
mining the extent of errors of experiment, 

A complete analysis or synthesis offers a cert^n guarantee 
against constant or occasional errore. If the sum of the consti- 
tuents is very nearly equal to the weight of the compound, this 
indicates that no considerable loss has taken place, or that the 
loss is exactly balanced by a gain of foreign matter taken np 
during the analysis. The loss of constituents exactly balancing 
the giun in foreign matter is a very rare occurrence. A partial 
decomposition may be mistaken for a complete one, and thna 
occasion serious mistakes. Berzelius attempted to determine the 
atomic weight of vanadium by reducing its highest oxide in 
hydrogen. Roscoe afterwards proved that only ^ of the oxygen 
in the oxide is removed and that |- remains in the rewdne, 
which Berzelius regarded as the pare element. The true 
atomic weight Vis 51-1, but Berzelius calculated it to be 137 — 
i.e. VjO,. 

The Ijest guarantee against error of all kinds is secured 
when the atomic weight of an element has been determined 
by BeveraJ distinct methods, and the results are found to 
agree. 

$ 32. Accuracy of the Atomic Weights. — An examination of 
tie numerfjas atomic weight determinations shows that there is 
an extraordinary difference in their degree of accuracy. The 
ratio between a small number of the atomic weights has been 
determined to the -n^T^u part of their value (e.g. between 
iodine and silverj, and for a somewhat larger number of elements 
to the i-ir5"iro part. The error in the case of other elements 
amounts to -jj^ of their value, and in the case of a few it 
is not less than one per cent. The relation between the 
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atomic weights of hydrogen and oxygen, which ia taken aa 

the standard by which all other atomic weights are measured, 
may contain an error of one or two thousandths of" its value. 
This possible error affects all the other atomic weights which 
are referred to this standard. But this uncertainty does not 
vitiate the acccuracy of the stoechioroetric calculations, as they 
are independent of the standard chosen. If we express the 
other possible errors in terms of this unit, then the error ia 
not greater than 0-1 H for one third of the elements, and 
does not exceed 0-5 H for a second third. In the case of the 
remaining elements the error will amount to from 0'5 to 1, and 
in some caaes, which require re-determining, may amount to 
two or more units. 

§ 33. Front's Hypothesis. — It has already been pointed out 
in § 31 that our investigations indicate that the atoms of one 
and the same element are alike in all respects, but that the 
atoms of two or more different elements are dissimilar. Up to 
the present day, it has never been possible to convert one 
element into another. At the same time, it is improbable that 
the elements which have been discovered, or are yet to be dis- 
covered, are really primal forms of matter. Their large number 
and other reasons induce us to believe that juat as the elements 
are the basis of the composition of all the compounds derived 
from them, so they in turn will prove to be combinations of 
units of a higher order. This idea originated almost at the 
same time aa the atomic theory, but, in spite of much experi- 
mental and theoretical effort, it has never advanced beyond the 
stages of conjecture. 

In 1815 an English chemist, Prout, published (at first 
anonymously) a conjecture of this kind. He observed that the 
atomic weights of many of the elements appeared to be rational 
maltiples of the atomic weight of hydrogen, and might be 
repreaenfed by whole numbers. Prout's hypothesis is tempting 
in its simplicity, and for a time was favourably received by 
I chemists, excepting by those who had made exact and accurate 
] atomic weight determinations. This hypothesis has never 
► received experimental confirmation ; on the contrary, many 
■atomic weights may be nearly bat not exactly represented by 
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whole numbers, and in all the cases which have been accnrately 
examined the deviations from the whole nnmbers have proved 
to be greater than the possible or probable experimental error. 
This hypothesis has attracted a considerable amonnt of attention, 
but is opp(»ied to the best atomic weight determinations of 
BerzeliuB, Marignac, Stas, and others. 

§ 34. Dtibereiner'B Triads. — Another relation between the 
atomic weights, discovered by Dobereiner in 1829, has led to- 
better reaults. This chemist noticed that it frequently happens 
that one member of a group of three analogous elements pos- 
sesses an atomic weight which is approximately the mean of the 
other two. In other cases, three elements bearing a close re- 
semblance to each other in their properties have nearly ths 
same atomic weights. 

Examples of the first class. 
Lithium Li. = 7-01 

Difference 15-99 

Sodinm Na.=23-00 

Difference 16-03 

Potassiam .... K. = 39-03 

Sulphur S.=Sl-98 

Difference 46-89 

Selenium Se. = 78-87 

Difference 46-13 

Tellurium .... Te. = 125 

Calcium Ca.= 39-9 

Difference 47-4 

Strontinm .... Sr.a= 87-3 
Difference 49-6 

Barinm Ba. = 136-9 

Chlorine Cl.=35-37 

DiSerence 44-39 

Bromine Br. = 79-76 

Difference 46-77 

Iodine L = 126-53 
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Examples ( 
Iron 

Cobalt . 
Nickel . 


f the aaeond class. 

F6.=55-38 
Co.=58-6 
Ni. = 68-6 


Bnthenium 

Rhodium 

Palladium 


Ru. = 101-4 
Bli. = 102-7 
Pd. = 1063 


Offrrii'Tn . 
Iridium . 
Platinum 


Os.=191 
Ir.= 192-5 
Pt. = 1913 



Dobereiner believed that in these relatione might be found 
the basia of a systematic classification of the elements, but it 
was long before this idea received development. It was impos- 
sible for the attempts which were made in this direction by 
Pettenkofer (1851), Dumas (1859), and others to be auccessful, as 
«t this time the atomic weights had not been systematically de- 
duced from the analytical results. When this had once been 
accomplished, it was found possible to arrange all the elements 
in groups of 3, 4, or 5 members, in all of which groups the 
differences were approximately the same. In these groups of 
elements, arranged in the order of the atomic weights of their 
members, is to be found the reabsation of the systematic 
■classification of the elements which Dobereiner had striven to 
accomplish. 

The development of this system was brought about by the 
labours of Newlands, Mendelfieff, Lothar Meyer, and others. 
The following tables contain some of the elements arranged in 
groups of four and five members each. The corresponding mem- 
bers of the different groups form a, continuous series of elements 
arranged in the order of their atomic weights. 
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Li 7-01 


Be 0-1 


Bo 10-9 


c n-97 










16 


Ifi-Z 


IS-] 


IS'3 




N li-01 


15-9G 


F 19-06 


Na 23-00 


Mg 24-3 


A127-0 


Si 28-3 


DifE. 


16-96 


16-02 


16'31 


16-13 


lu-6 


170 


19-7 




P 30-96 


8 31-98 


CI 3o-3T 


K 39-03 


Ca 39 9 


Sc 44-0 


Ti48 




43-9 


46-89 


43-39 


46-2 


47-4 


44-9 


42-4 




AsTl'U 


Sa 78-87 


Br 79-78 


Kb 8S-2 


Sr 87-3 


Yb8-9 


■At 90-4 


Diff. 




46-1 


46-77 


47-5 


496 


49 


49-5 




Sb 11 96 


Te 125-0 


I 126-63 


Cs 132-7 


Ba 136-9 


Lal3S 


Ce 139-9 
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1148 


V6M 


Mfl. 


42-* 


42-6 




Zr90-4 


Nb 93-7 


DifL 




S8-3 






Tal83 


UE. 


Hi 232 





u 

Cr 6245 

4i-45 

U0 9E-9 

87T 

W183-S 

66-4 

239-0 



In the foar last groaps the second member is nearly the 
arithmetical mean of the first and third ; the fonrth ia the mean 
of the third and fiith. In the first three groaps, the elements 
corresponding to the first members are missing. The differences 
are nearly the same as in the other families. 

The second table embraces a namber of similar groups, in 
which the difference between the first and second members ia 
only half the difference between the second and third members. 
The first and last groaps of this second table occur at the begin- 
ning and end of the first one, so that both tables may be united 
into a continuoaa one. 

j 35. Arrangement of the Elementu in the Order of their 
Atondc Weights. — Most of the groups in the second table are 
related to one of the groups in the first table by analogies in the 
properties of their members, and especially by the isomorphism 
of their compoanda. Vanadium, V, is associated with phosphoruB, 
P, and arsenic, As, by isomorphism ; in the same way chromiam, 
Cr, and molybdenum, Mo, are related to sulphur, S, and selenium, 
Se ; by the isomorphism of the permanganates with the per- 
chlorates, manganese, iln, is associated with chlorine, CI. The 
first table does not contain any elements analogous to iron, nickel, 
cobalt, and the six platinum metals; bat copper, Cu, and silver, 
Ag, are related to sodium, Na; and zinc, Zn, to magnesium, Mg, 
and calcium, Ca; indium. In, to aluminium, Al; and tin, Su, is 
isomorphoas with silicon, Si, and titanium, Ti. We are there- 
fore not only justified in joining these two tables tc^ther, but 
in uniting them to form the following table. The perpendicular 
columns contain not only closely-aUied elements, but also others 
which only bear an analogy to them in certain respects, but 
differ from them widely in other points. 
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In tlie horizontal rows of thia table tlie elements are ar- 

[ ranged in the order of their atomic weights. If the right aide 

f of each row is connected with the left aide of the following row 

single continuous series of all the elements will be produced. 

In this arrangement the nature and properties of the members 

I will be represented as periodic functions of the atomic weights, 

I changing systematically as the atomic weight increases from 

member to member, and returning to the beginning after a 

I certain number of members. The periodicity may be more 

clearly indicated by means of the table at the end of this book. 

The table must be pasted on a wooden or pasteboard cylinder of 

. suitable dimensions, so that the right and left sides meet. 

The first two periods or series each embrace seven elements. 
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The corresponding members closely resemble each other- 
lithium and sodium, beryllinm and magne^nm. 

This resemblance continues in the third and fonrth periods, 
BO far as the first members are concerned ; the following members 
do not exhibit eorreaponding properties, and it is not until we 
reach the seventeenth member after potassium that another 
i metal, mbidium, recurs. The nest alkali metal, caesium, is 
a the seventeenth element after rubidium. Both metals are 
preceded by elements which are closely related to the last 
membere of the first and second periods, Ou closer considera- 
tion, these large periods are found to split up into two smaller 
periods, in which some of the properties of the elements recur 
at a shorter interf-al. This is seen in the following table : 



K C& Bo Ti 
Co Zn G& G« 



Ag Cd In 



Cr Mn Fe Co Ni 



The elements in the same column all have certain properties 
in common, but only the alternate elements bear a close resem- 
blance to each other. After cerium, Ce, there is a gap of about 
fortyunit*. Thifiwill probably be filled by the rare earth metals, 
which have not yet been sufficiently well investigated. Then 
comes j'ttcrbium (the atomic weight of this metal has not been 
accurately determined) and tantalum ; they are followed by 
elemente resembling the former members, in the same order as 
in the preceding periods, but leaving some gaps and spaces : 



He 



Pb Bi — 



The gaps in this and the preceding tables will probably bo 
filled by elements which remain yet to be discovered. Several 
of the gaps which existed when the periodic system of the 
elements was first promulgated have been filled up by the 
discovery of scandium, gallium, and germanium, and by the cor- 
rection of the atomic weights of indium, yttrium, cerium, and 
lanthanum. 
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It appears from the table on page 55 that a dozen elements 
are yet to be discovered. The majority of these gaps will 
probably be filled by rare earth metals with atomic weights 
lying between 140 and 180, 

§ 36. Periodicity of the PhyBical Properties of the Elements. — 
If we examine the long series of elements from member to 
member, we find a change in the properties, sometimes gradual 
and sometimes sudden, which recurs in the following periods in 
a similar way, so that almost every property of an element occurs 
again in a similar way in one or more of the later members, so 
that the properties of each individual element are determined by 
its position in the series. This is not only true of the chemical 
and physical properties of the elements, but also of the com- 
pounds. 

This recurrence of the physical properties is very striking in 
the case of density, which regularly increases and decreases in 
each period. The connection between density and atomic weight 
is beat exhibited by taking the atomic volume instead of the 
density- — i.e. the volume occupied by the atomic weight instead 
1 of the weight of the unit volume. The simplest expression for 
I tlio atomic volume is obtained by dividing the atomic weight by 
the density. 

These quotients represent the volume of the atoms in the 
I flolid state compared with the volume occupied by the unit 
weight of liquid water as unity. As the absolute weight of an 
atom of hydrogen is not known, the unit of atomic weights is 
not known, and this unit of volume must remain an unknown 
quantity. But these quotients may be compared by means of 
another standard — e.g. the atomic weight of an element, expi-essed 
in grams, occupies in the solid state the same number of cubic 
centimetres as the value of the atomic volume. For example, 
the atomic volume of silver is 10'2, and therefore 10766 grams 
of silver occupy 10-2 c.c. 

I In the table on p. 58 the density D and the atomic volume 
V are given under the symbol of each element. The density 
begins at a minimum with the alkali metals, lithium, sodium, 
rubidium, caesium, and ascends from here in the first two 
periods to carbon and silicon ; in the following periods the density 
continues to increase after passing the homologuea of these 
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elementB till it reaches the metals copper, rutheniiim, oenuTim, 


and then siukB. In the atomic volumes the podtion is reversed — 




at carbon, almniniiuii, nickel, mtheniom, osmium. 
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horizontal axis of the abscissae at distances from zero propor- 
tional to their atomic weights. The position of each element is 
denoted by the corresponding symbol, and from each of these 
points an ordinate is drawn, which is proportional in length to the 
atomic volume of the element. By connecting the summits of 
all the ordinates by lines, we obtain a curve which clearly 
illustrates the relation of the atomic volume to the atomic 
weight. The alkali metals occupy a striking position at the five 
maxima. Those portions of the curve between the maxima 
resemble chains, which are broken at certain points, because 
the elements which should occupy these positions are either 
unknown or have not yet been sufficiently investigated. The 
great regularity in the course of the curve indicates that the curve 
will, without doubt, closely follow the dotted course. On this 
account the probable values, in round numbers, of the density 
and atomic volume of these elements have been inserted in the 
preceding table. In order to distinguish the real from the 
hypothetical values, notes of interrogation are affixed to the latter. 
It is veiy remarkable that the properties of all the elements 
appear to be determined by their position on this curve. The 
descending portions of the curve from the masimnm to the 
minimum, and a little beyond, are entirely occupied by difficnltly- 
fusible and non-volatile elements, and, as a rule, the lower the 
element is on the curve the less fusible it is found to be. 
Only easily-fusible, and as a rule volatile elements occnr on the 
, ascending portions of the curve. 

In the first period, nitrogen, oxygen, and fluorine are gases, 
in the second period chlorine ; but phosphorus and sulphur are 
easily fusible and volatile. In the next period the series of volatile 
elements begins with zinc (or perhaps even with copper). In the 
following period, the volatile elements begin with silver, which 
can be distilled by means of the oxyhydrogen blowpipe, and in 
tJie last incomplete period mercury is the first volatile element. 
This relation may be expressed in general terms by saying that 

I when the atomic volume decreases with an increasing atomic 
weight the elements are refractory and uon-volatile ; but when 
the atomic volume increases as the atomic weight increases the 
elements are easily fusible and volatile. 
Otiier properties change twice in these larger periods. This is 
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the case with the metallic nature of the elementB as exhibited by 
their malleability. The elements at the maximum of the curve 
and their immediate successors are metals. They are followed 
by brittle elements down to the minimum. These are suc- 
ceeded by malleable metals, which are separated from the metals 
at the maximum by brittle non-metals and semi-metala — e.g. 

K,Ca,(Sc:''), malleable; 

Ti, V, Cr, Mn, brittle ; 

Fe, Co, Ni, Cu, Zn, Ga, malleable ; 

Ge, As, Se, Br, brittle or non-metallic. 

The malleability is the same in the following periods. Other 
physical properties change in a similar way, but some of these 
properties have not yet been sufficiently investigated. The 
elements on ascending portione of the curve are without excep- 
tion diamagnetic, those on the falling part of the curve are 
magnetic. The optical properties, crystalline form, and expan- 
sion by heat exhibit similar regularities. 

^37. Periodioity of the Eleotro-ohemical Fropertiee. — The 
intimate connection between the chemical properties and the 
atomic weight proceeds from the fact that the whole system of 
arrangement consists in bringing together the natural families 
of elements which have been developed from DSbereiner'a 
triads. 

The chemical elements and their compounds exhibit certain 
contrasts in their nature. These are indicated by the terms 
' positive ' and ' negative.' The use of these terms arises from the 
close relation between chemical and electrical properties. Aa a 
rule, when two or more bodies of different composition are brought 
in contact with each other, both are electrified — one becoming 
positive, the other negative. The greater the difference between 
the composition of the two substances the greater the electrical 
excitement will be. The difference which exists between the 
two bodies is called the electro-chemical difference. 'ITie direct 
measurement of the electric charge produced by the contact of 
heterogenous bodies is difficult. But the electro-chemical nature 
of the substances can be determined by another method. Many 
liquids and some solids are decomposed by the electric current. 
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a this act of electrolysis, those constituents which are positive 
on contact are liberateil with the positive electricity and those 
which become negative with the negative electricity, so that the 
electro-chemical nature of the conatituenta is easily recognised. 
The difference in the electro-chemical nature of a substance is 
not abaolnte, but merely relative, so that one element can be 
positive with regard to a second element and negative to a 
third. It has also been observed that a positive element in a 
compound can generally be replaced by a more positive and a 
negative by a more negative. This replacement of one element 
by another, affords another means of ascertaining the electro- 
chemical nature of an element. The oxides and hydroxides of 
the positive elements have basic properties (i.e. they neutralise 
acids) ; the oxides, hydroxides, and some of the hydrides of the 
negative elements are acids. 

If the elements are divided into the two classes — electro- 
negative and electro-positive — these properties are regularly 
divided in the periods. In the atomic volume table, the positive 
elements are denoted by * and the negative by — , The positive 
nature changes in the same way as the metallic nature and 
malleability, i.e. twice in the large periods of atomic volumes. 

The first family in the table on page 55 consists of positive 
elements, the alkali metals, Li, Na, K, Rb, Cs ; the positive 
character increases with the atomic weight, and caesium is not 
only the moat electro-positive metal of this group but of all the 
elements. The metals Be, Mg, Ca, Sr, Ba, in the second family, 
closely resemble these metals in their electro-poaitive nature ; 
again, we find the metal with the highest atomic weight, barium, 
is the most electro-positive. In the third family, containing Bo, 
Al, So, T, La, Yb, the electro-poaitive nature is much feebler. The 
hydroxide of boron is a feeble acid, and aluminium hydroxide 
exhibits the properties of a weak acid as well as of a strong 
base : here again the negative character grows feebler and the 
positive stronger, as the atomic weight increases. In the fourth 
family C, Si, and Ti yield acids, but the higher members Zr, Ce 
and Th have a more positive character. The elements in all 
these four families have one property in common : they form very 
stable compounds with oxygen, and consequently their oxides 
are difficult to reduce. 
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These elements are easily obtained from their oxides and 
analogous compounds by reduction. In the two first groups, ' 
the facility with which the compounds are reduced increases 
with the atomic weight. In the first and second family the 
positive character decreases as the atomic weight increases. 
This is exactly opposite to the behaviour of the difficultly-reducible 
light metals of this family. Nothing is known of the third 
group in this respect, but in the fourth group lead (Pb) ia more 
positive than tin (Sn) ; the positive cbaracter, as usual, increasing 
with the atomic weight. 

The same contrasts occur in the following three fiimilies, 
only with this difference, that the first members do not belong 
to the diificultly, but to the easily reducible, elements ; with the 
exception of phosphorus, which ia not so easily reducible a3 
arsenic, antimony, and bismuth, but more easily than vanadium, 
niobium, and tantalum. The chief group ia here formed of the 
easily reducible elements : 
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A comparison of the chemical properties with the position 
on the curve of atomic volumes shows that the difficultly-re- 
ducible elements occur on the descending, and the easily-rBducihle 
elements on the ascending, portions of the curve, but the change 
from positive to negative is seen on both portions of tlie 

§ 38. Theoretioal Prediotion of Fropertiea. — The close con- 
nection between atomic weights and properties renders it possible 
to predict the unknown properties of an element as soon aa its 
ntomio weight is ascertained, and, on the other hand, the atomic 
weight can be deduced approximately from the chief properties 
of an element. 

Wlien the ' Periodic Law ' was first propounded, scandium, 
gallium, and germanium were unknown, and the position 
these elements now occupy was represented by blank spaces. 
UendelCeff ventured to predict the properties of these un- 
flificovered elements, and his predictions were afterwards verified 
irhen the elements were discovered and investigated. The 
jwedy recognition of the value of this systematic arrangement 
f the elements was, to a great extent, the result of this happy 
Brification of Mendel6eft"s predictions. On the other hand, 
atomic weights had been incorrectly determined, and 
Rfcteiition was called to this fact by the circumstance that these 
elements did not fit into the system. 

The atomic weight of caesium was ten units too low ; indium 

Bw&a only two-thirds of the value now in use. Earlier determi- 

lationa placed platinum before iridium and iridium before 

Wmium, but the properties of these metals indicated that the 

■order should be reversed, and this has been confirmed by the 

Jiew atomic weight determinations of K. Seubert. The question 

■whether the atom of beryllium corresponds to two or three 

nuivalents — that is, whether the atomic weight ia 2 x4'JJ'l = 9-08 

Bor 3 x4-54 = 13'62^haM been decided by the followers of the 

■aperiodic system in favour of the first assumption, because there 

I 1b no space for an element with tho atomic weight, 13*6, 

ll>fltne«n carbon (C=ll'97) and nitrogen (N = 14'01}, and an 

■ element possessing the properties of beryllium would be out of 

1 place in snch a position. Tlie question was definitely settled 

Iby the determination of the vapour density of beryllium chloride 
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to bsvB t«K>, time, or laore affinities. Hydrogen again fornm 
the stondaid of comparison, as it does in the case of the equiva- 
lent and atomic weights. The oombtnii^ powers of the chemical 
elements vary regulariy witii the atonuc wei^ts, 

All those elements are called 'moDoralent' that have an 
atomic wei^t eqnivalent to one atom of hydrt^en; if thear i 
atoms nnite with or displace two atoms of hydrogen, they ar& | 
Baid to be divalent. 

The determination of this property of chemical valency is 
simple enough in principle. For, if the atomic weight of an 
element is equal to its equivalent weight (§ 11), the element 
is monovalent ; if the atomic weight is doable the equivalent 
weight, it contains two equivalents and the element is divalent. 

Generally speaking, the chemical valency is determined by 
the number of equivalent weights contained in the atomic weight. 
The chemical valency determined by this method is a periodic 
function of the atomic weight. Before studying this relationshipj 
it is necessary to coi^der the methods of determining valency. 

§ 40. DetemmiatioiL of Chemical Valency, — The valency of 
an element is most easily determined from the composition of 
the molecule of its hydrogen compounds. These hydrides are 
not numerous ; they may be divided into four types : — 

I. n. in. IV. 

HF H,0 H,N H,C 

HOI H,S H^P H.Si 

HBr H,Se H^As — 

HI HjTe — — 

As the hydrogen atom can only unite with a single atom of 
its own class to form the molecnle Hj, we must assume that 
the hydrogen atoms contained in the compounds under II., III., 



1 IV. are united to the otlier conatituents. These compounda 
lay be represented graphically by the formulie — 



-0— H H— N— H 

I 
H 



H 



The dashea indicate the manner in which the at^ma are 

apposed to he united together. As the elementa in the four 

)ea are incapable of combining with a larger number of hydro- 

a atoms, we regard fluorine, chlorine, bromine, and iodine as 

monovalent; oxygen, sulphur, selenium, aud tellurium as divalent; 

Bsutrogen, phosphorus, arsenic, antimony as trivalent ; carbon, 

It^licon as tetravalent ; in their compounds with hydrogen. 

AaF, CI, Br, and I are monovalent in the compounds in the 
■first group and have the same valency as hydrogen, they may 
be need like hydrogen, for the purpose of determining the valency 
of other elementa. This is very desirable, as their compounds 
are much more numerous than those of hydrogen. A compari- 
son of the fluorides, chlorides, bromides and iodides of the first 
four families shows that their compounds correspond to the four 
types which have just been mentioned, e.g. : 



I. 



11. 



m. 



LiCI BeCI, BCl, 

NaOl MgCl, AlCl, 

KOI CaCI, ScCl, 

CuCl ZnCl, GaCI, 

HbOl SrCI, YCl, 

AgOl CdCl, InCI, 

CbOI BaOl, LaCI, 
. AnCl HgCI, TlCl, 



IV. 

CCl, 
SiOl, 
TiCl. 

GeCI, 
ZrCI, 

SnCI, 
(CeCl,?) 

(PbOl, ?) 



fThe chemical valency is constant for each family, and, with an in- 

Kereaaing atomic weight, rises from one family to the next, by one 

lit. 

The following families behave in a similar way, but at iirst 

Inght the relationship appears somewhat more complicated, 

the compoaition of the typical hydrides indicating that the 

valency decreases, thus : — 
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V. 
NH, 
PH, 



VI. 
OH, 
SH, 



Certam chlorine compoands of 
analogoas composition : 



NOl, 
POl, 



OCI, 

SCI, 



VII. 
FH 

cm 

these elements have an 1 



VD. 

caci 

ICl 



But thefte and similar compounds do not contain the maxi- 
mum amount of chlorine or other monovalent atoms, with 
wltich the elements are capable of uniting. Compounds of th» 
following composition are known : 

V. VI. vn. 

NH.Cl SCI, ICl, 

rei, SeCl, — 

PP. TeCI, — 

VCl, CrCl, — 

NbOl, MoCl. — 

SbOl, WCl, — 

TaCI, — — 

Some of these compounds are very unstable : ammonium 
chloride, phosphorus pentachloride, and iodine trichloride decom. 
pono on volatilisation, e.g.: NH,C1=NH, + HC1 ; PClj=.PCI, 
+ Clj; ICl,=ICI + Clj; others can be converted into vapour 
without decomposition, e.^.: PF,, NbCl^, and TaCl,, TeCl,, MoCI, 
WCl,. This diftt;rence in the behaviour of the compounds ia 
explained by the fiict that the afiinity of the negative elements 
for chlorine and its analogues is feeble, and consequently th© 
chlorine atoms are easily separated irom the compound. The 
behaviour of sulphur is very remarkable : the tetrachloride SCI, 
can only exist at — 20° C. ; even at 0° C. it begins to decom- 
pose into SClj, and on distillation half the residual chlorine is 
loet. Sulphur does not form any definite compounds with 
bromine and iod in e. Phosphorus combines with five atoms of 
fiuoriue Ui form a stable compound. PCI, aud PBr, easily part 
with two atoms of chlorine or bromine respectively : but phoa- 
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I 



phoras can only nnite witb three atoms of iodine; as a rule ib 
only combines with two, forming PI^. 

We may assume that the difference in the behaviour of the 
elements belonging to families V. and VI. towards the non-metala 
is not due to a diiference in their valency, but is probably caused 
by a difference in the force with which they attract the mono- 
Talent elements. 

This assumption ia confirmed by an examination of the 
oxygen compounds. As an atom of oxygen is equivalent to two 
atoms of hydrogen and is divalent, any other atom which has the 
power of uniting with one atom of oxygen is also divalent. One 
trivalent atom could combine with oxygen in the proportion of 
one to one and a half, or, more coiTectly, two trivalent atoms 
can unite with three atoms of oxygen. The radical hydroxyl 
— OH is formed by the anion of one atom of hydrogen with one 
atom of oxygen; as the oxygen still has the power of uniting with 
a second atom, the radical ia monovalent. The valency of an 
element is represented by the number of hydroxyls with which 
an atom combines, or by twice the number of oxygen atoms 
which in its oxide would be united with one atom. In order to 
permit of a uniform comparison, the formula3 of the oxidea in the 
following table are given as though they contained two atoms of 
the other element, even where the molecule may only contain 
' one atom. 

Oxides 



u. 


III. 


IV. 


V. 


VI. 


VII. 


vm. 


DiviUent 


rrivalen 


Tetra- 
valent 


Penta- 


Hesa- 
valent 


Hepta- 
valent 


Octo- 
valent 


Be,0, 


B.O. 


c,o. 


N,0. 











Mg,0 


A\fi, 


Si,0, 


P.Oa 


s,o. 


C1,0, 





Ca,0, 


Sc,0, 


Ti,0, 


V,0, 


Cr,0, 


Mn,0, 


— 


Zn.O, 


Go,0, 


Gb,0, 


As,0, 


Se,0, 


Br,0, 





Sr,0, 


Y.O, 


Zr,0, 


Nb,0, 


Mo,0, 


— 


Eu.O 


Cd,0, 


ln,0. 


Sn,0, 


SbA 


T6,0, 


1,0, 


— 


Ba,0, 


La,0, 


Ce,0, 


Tb,0. 


W,0, 


— 


Os,0, 


Hg.O, 


TLO, 


Pb,0, 


Bi,0, 


u,o. 


— 


— 



^Thia table shows the remarkable relation which exists between 
KTalency and atomic weight. The number of each family 
dicat«8 its valency. In families I. to VII. only oxygen and 
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fluorine are missing ; no oxide of the latter element has as yet 
been prepared. In VIII. iron is omitted ; the highest oxide, the 
anhydride of ferric acid, is unstable and has not been satis- 
factorily investigated. The same ia true of the highest oxides of 
Co, m, Rh, Pd, Ir, Pt. 

A few examples of the hydroxides will suffice : — 



Hydroxides 

I. NaOH =Na(OH) 

n. MgO.H, = Mg(OH), 

III. AlOjHa =AI(0IT)3 

IV. SiO,H, =Si(OH), 
V. PO^H, =PO(OH), 

VI. SO,H, =SO,(OH), 

VII. CIO.H =CIOs(OH) 



Valency Hydrides 
1x1=1 — 
2x1=2 — 
3x1=3 — 

4x1=+ SiH, 

3x1 = 3 PH, 

2x1=2 SH, 

1x1 = 1 CIH 



Here again the valency is indicated by the nnmber of the family. 
It is to be noted that families V., VI,, Vll, do not exhibit 
Ae same valency towards hydrogen and the metals that they do 
towards oxygen. Beginning with femily R'., the valency 
nnit for oxygen and other negative elements, bnt 
nnit for hydrogen and the positive elements as 
on to families V.. VI.. &c. 
f 41. Potable Errors in tlie Detemiaation of Otanieal 
■There are many other componnds, besides thoaa 
in the preceding section, which can be used foe 
the chemical valency of an element. Most of tlieae 
jiM a analler valne, but aome ^ve a larger value lor tie 



IBw «akn^ is always too low when the element 

with the maxinnm nnmber of atoms; tlnttis 
me of its affinities remain nnsatimted. 'An 
cafbon atom can unite with fbnr monad atDms. socfc 
or dUorine, or two divalent oxygen almiis : — 

CI 
I 

CI— C— 01 o = c = o 




CI 
Outoi) Tetrachloride 



Ckrhni iJtiadAr 



J 
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When a limited supply of oxygen is passed over an excess 
of red-hot charcoal, then the carbon atoms cannot take up the 
maximum amount of oxygen, but form carbon monoxide. 

The molecule of this compound is represented by the 
formula 

Here the asterisks are intended to show that two affinities are 
UDsaturated ; this is proved by the fact that the compound unites 
■with two atoms of chlorine, forming phosgene gas, 



|>=0. 



I 



Nitric oxide (NO), nitrogen peroxide (NOj), and nitro- 
Bylchloride (NOCl) are similar compounds : they are known as 
nnaatarated compounds or as compounds containing unsatu- 
rated affinities. Those metala which only contain one atom in 
the molecule (§ 27), e.g. mercury, cadmium, and zinc, belong 
to this class. 

There is another class of compounds which cannot be 
regarded as unsaturated. In these compounds the number of 
monovalent atoms does not correspond to the valency of the 
polyvalent atom. 

In addition to marsh gas CH^, we are acquainted with hydro- 
carbons which only contain three, two, or one atom of hydrogen 
for each atom of carbon. A determination of the molecular 
weight shows that each of these compounds contains more than 
one atom of carbon, e.<j. ethane CjHg, ethylene CjH,, acetylene 
CjH,. The two latter unite with hydrogen with some difficulty, 
forming ethane ; but they combine more readily with chlorine. 
Ethylene takes up two, and acetylene four, atoms of chlorine, 
but not more. 

The compounds C^Hg, CjH^Clj, CjE^Cl, must be regarded 
as saturated, although they only contain three monovalent atoms 
for each carbon atom. This is explained by the fact that one 
affinity of each carbon atom is required for the piu^ose of 
attaching it to the other carbon atom, so that only three affini- 
ties are free to unite with hydrogen or chlorine : — 
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n H 

I I 

H— C — 0— H 

I I 
H II 

that is, one less tliau conveponOs to the chemical valency, 

A correct detennJnation of the valency may be attempted by I 
taking into account the affinities required for the purpose of J 
Unking together the polyvalent atoms: but this process may f 
lead to erroneous concluflions. If we apply it to ethane we I 
obtain the correct result : 6 affinities for H and 2 for C ; total 8- f 
But in the case of ethylene we only obtain 2 for C and 4 for H ; 
toial ti : and tor acetylene 2 for U and 2 for ; total 4. 1 
According to these results carbon might erroneously be coo-il 
adered as only di- or tri-valent. 

It was formerly assumed that some of the Unities in ethyl- 
eoe and acetylene were unsaturated : this hypothesis is tumecee- 
aaiy and is even regarded as improbable at the present day. 
Tk bet that the carbon is combined with less hydrogen in 
Ac^ compoands than it is in ethane, may be dne to the carbon 
itt^tM hang attached to each other by more than one affinity, 



H^C— C^H, 




EthjUne 



H— C^C— H 



i 



a these considerations that the dmnkaJ niaxy 
1 with certainty fiiom the eompontBcn of 
bvhid only contain one atom of tbe pohmkak 
A aa Ae lalmilfi If more than one poly\«lnl ahna is 
1^ 4tt ^ aat kncnr bow many affinities are ased in Biiitng 
iAf miKaai fsiprnkm atoms together. We m^t cwiaDf 
^MHWdftie^hnweof oBntarated affinities in tfe nmpmd. 
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42. Irre^nlaiitieB of the Chemioal Valency.— There are 
•exceptions to the great regularity in the relation of chemical 
valency to atomic weight. Certain compounds undoubtedly 
contain more chlorine, bromine, or oxygen than corresponds to 
their chemical valency. Many of these compounds may be 
regarded as molecular aggregations, formed by several complete 
moleculeB cryatsllieing together. The beautiful crystalline com- 
pound PCljBr, may be regarded as PCl^Brj + Brj, or as PCl^ 
+ Br^ + BFj ; in the same way the unatable tri-iodide of potas- 
ainm may be considered to be KI + I^^Klg. But all such 
-compounds cannot be regarded in this light. Auric chloride, 
AaClj, is undoubtedly a true chemical compound ; and gold 
must be trivalent, not monovalent, as we should expect from 
its being a member of the first family. The molecular weight 
■of cupric oxide, CuO, is not known, as the oxide is non-volatile. 
Its formula may be Cu^O — O— Cu ; but cupric chloride, CuClj, 
■could not have an analogous formula. Copper is isomorphoua 
with divalent zinc, and must thei-efore be divalent. It is shown 
. to be a member of the first family by the fact that the chloride, 
CnClj, is not volatile, but is decompoBed by heat, losing half its 
-chlorine, yielding cuprous chloride. The molecular weight 
deduced from the vapour density determination of Victor Meyer 
corresponds to Cu^Clj, Cl^ — Cu — Cu — CI, in which copper ia 
again divalent. At present we can only point out these excep- 
tions without attempting to offer any explanation. 

§ 43. Theoretioal Significance of Chemical Valency. Nature 
of Affinity. — As science is not satisfied with a simple knowledge 
■of facta, but endeavours to investigate their causal connection, 
theoretical chemistry has attempted to solve tlie problem of 
■explaining the remarkable fact, that the chemical valency of 
different elements undergoes a systematic variation. It is very 
difficult to find this explanation, as veiy little is known as to 
the cause of the formation of chemical compounds. The cause 
is termed afiinity, because the old chemists held that only those 
bodies are capable of uniting with each other, which possess a 
certain likeness or afSnilj for each other. Exactly the opposite 
•yiew now prevails : namely, that the more unlike two Ixidies are, 
the more readily will they combine together ; but the term 
affinity still survives. 
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Affini^ ie ireneraUj coiiEideted to be an ■ 

in tli« stonifi. Tliifi itTpotbeaiE ie not du 
Bor U it, iBd<«d. the most prDfaable, bnt it i 
and conB«qaeDt)r tJie most geDexBltyai 
^rpatbenB will be nsod for the present, and t^ c 
wt oCber l^rpoth»iei; (still irnperfectiT developed) wUck do dsC 
tlie BfiBUTiiptioD of BU attractive force, 'wiD be poet- 
md. Affiiiitj is probah!j dosely allied to, if x 
k, cjaotric&l attractioD ; but no definite uLoUji 
at eaa be made at present. 
Afituty only acts at short, distances; for bodtee t 

each other only when in direct cvnaet. It is 
y wnj dii«ctly identical with the atlzactaan iHiicb is 
hy the ordinary electric choi^ or hy Tnwgnrti i iBl iiwi , 
I mric at relatjvf^ly lai^e digtancee. We may magine 
a dinuon of the m^netic or eleictric raaeaes in tba 
am to prudoob an attractive force which ooold only be 
■t a vw^' small distance. Bat at present tte state 
tf oar kaowled^ tii not yet lipe for spemlstioDe td this 

e the questian of the tme nature of affinity, w» 
Miy ttiU be able to draw some oonclnsions from the diffiireDces 
af Arwiea] wJancy. 

IWm U bo doabt that, the effect of afGnity is to \»ep tha 
atom is a oc m po op d at a definite distance from each other, 
tar the fee whki a compound oocnpieB in the solid or fluid 
■tafai in fixed and definil-e. It v^es regularly with the tem- 
penimn and praanm. bnt depends on the nature of the coi>- 
atilBMlK. T^ atoms cvmot be immovable in the poations 
vWcfc tW rnffrt***" have caoBed them to assnime ; for, acota-din^ 
to the ■inrhaiiiril thtory of heat, not only the molecnleB as 
wbA^ hot abo the atcons in the molecnles, are in a state of 
aeHn OKitioB, otollaticg or rotating round points <d eqni- 

In the acdid state the molecntes of most bodies arranga 
I ajrstematically, forming ciystale. The form of tha 
I is detemuDed by the oompositdon of the molecules 
sod th« natare of the atoms contained in the molecule, and is 
charactehstlc of both. As the different parts of a oystal 
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IEQchibit certttm points of difference, and the nature of this dif- 
ference depends on tlie composition of the molecules and the 
Battire of the atoms, it seems probable that these points of differ- 
ence must already exist in the atoms and molecules themselves. 
The attractive force of affinity is active at these points. It en- 
deavours to attract the other atoms and keep them in positions, 
^m which lie in these lines of force at a definite distance from the 
^boentre of gravity of the first atom. Tlie distances between the 
^Reentres of gravity may vary considerably for different atoms. 
' There will be only one such position in the vicinity of a mono- 
valent atom, in which a second atom can be fixed ; but there 
will be two such points for a divalent and three for a trivalent 
atom, &c. 

We may also venture to determine the position of these 
points in space. In the case of a compound consisting of two 
monovalent atoms only the distance between the atoms is fixed ; 
the system will be in a state of eqnilibiium in any position. 
This may be the reason why compounds formed of two mono- 

Jvslent atoms generally crystallise in the regular system. A 
IKilyvalent atom requires a number of points corresponding to 
its chemical valency; these positions mast be symmetrically 
arranged, at equal distances from the centre of gravity of the 
polyvalent atom. If this is not the case an exchange in the 
position of the atoms will produce ' isomeric ' compounds — that 
is, componnds possessing the same composition, but exhibiting 
dissimilar properties. For example, there would be two potas- 
sium hydroxides, K-0 H, and H-0 K, and two 

amides of potassium, tt N K, and r- _ N - - - H. 

Apparent examples of this kind of isomerism have from time 
to time been discovered, but on closer investigation they have 
invariably been proved to be spurious. It is, therefore, exceed- 
ingly probable that the points are, symmetrically arranged at 
equal distances round the surface of a sphere. In a divdent 
atom the points will he diametrically opposite each other ; in a 
trivalent atcm the points will be arranged in a circle, at angles 
of 120° ; in a tetravalent atom the points will be arranged in 
space like the angles of a regular tetrahedron ; in a hexavalent 
atom the points will occupy the solid angles of an octahedron, 
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I at the points where the double or treble linking esiatB. 
t importance must not be attached to speculations of this 
latare at present, a& they are much too hypothetical ; but they 
lerve a ueeliil purpose by enabling us to survey a variety of 
"Observations from a conmiou stimdpoint. 

InveEtigation of the Conatitutioii of Chemical Com- 
^loaiids. — The chemical valency of the elements and the com- 
position of their compounds are intimately related. Not only 
the number of the atoms, but their arrangement in the molecule, 
■depends on the valency of the elements. The possibility of 
investigating and ascertaining the manner in which the atoms 
.are an'anged, was for a long time a disputed question. Although 
some chemists attempted to investigate the arrangement of the 
atoms, others looked upon such investigations as absolutely 
valueless. But even the followers of the latter school could not 
avoid holding certain views regarding the manner in which the 
.atoms combine together to form compounds, for they rejected as 
unwarranted the doubts which existed as to the correctness and 
permissibility of their views. This dispute tasted more than 
twenty years, and, strange to say, it ended in the overthrow of 
these old dogmas by new hypotheses, by means of which we 
have acquired an unexpected insight into the nature of chemical 
compounds. At the present day the investigation of the ' con- 
stitution ' or ' structure ' of the chemical compounds is one of 
the chief problems of the science ; more particularly is this the 

Cease in organic chemistry, which treats of the compounds of 

r carbon. In the course of the last fifty years these investigations 
tave been brought to such a state of perfection, that it is now 
usual to dogmatically insert the results of such investigations in 
text-boobs as the fixed truth, without giving any exact account 

l-of the methodswbich have led to the attainment of such intimate 

■Imowledge. 

It is desirable to know the exact grounds on which our 
knowledge rests, not only in the interests of those who specially 
devote themselves to such subjects, but also in the interests of 
the general history of civilisation and the history of science in 
particnlar. These investigations form one of the most striking 
examples of the power of the human mind to penetrate into 
tilings which are as a sealed book to our senses alone. The 
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path wUeh the eaeate a£ dwnialj^ pmsoed, to attain it« pre- " 
eesit poaition, me k«^. and not eadrely free from error. But in 
kxAiDg back we can sepaiate Ac eBsentaal from the non-esseDtial 
ai>d gain witfaoot difficoltr a clear idea of tbe cjuef featnree oF 
this deretopment. 

Tbe chief diSereoce betweoi our present views and the older 
oonoeption!! consLsts in this : forroeriy it was more or less ex- 
|dicitly assnmed that a chemical compomid was held together 
by the total attractive force of tbe affinities of all the atoms 
contained in it. bat as oar knowledge increased it was gradually 
recognised that the connection is between atom and atom and 
that the atoms are attached to eatji other like tlie links in a 
chain, the continnity ceasing if even a single link of the chain 
is removed. This kind of combination is termed 'atomic 
linking ' ; the idea involved was not saddenly realised, but was 
the gradnal ontcome of previous conceptions. 

The necessity of stndyiog the atoms themselves was clearly 
stated by A. Keknl6 in"l857, and by A. S. Conper in 1858. 
The doctrine of atomic linking is the ontcome of the investaga- 
tion of oi^nic componnds, and at the jjresent day it is chiefly / 
applied to organic bodies ; bnt nunerons conclusions with regard 1 
to the constitution of inorganic compounds have been deduced! 
by its aid. " 

The theory of atomic linking first gave a satisfactory ex—' 
planation of the common observation that two or more chemical 
compounds having the same composition may exhibit widely 
different properties. This remarkable pkenomenon has long- 
been known as 'isomerism,' from 'o-os, same, and /ie/jos-, the part. 
Isomeric bodies are those which contain the same constituents, 
r<ro /iepi?. We distinguish between ' metamerism ' and ' poly- 
merism ' ; metamerism embraces those c-asea in which the con- 
stituents are present in exactly the same number and quantity, 
but are differently arranged: the grouping of the constituents, 
has been altered by a change of position, ' metastasis.' ' Poly- 
merism,' or, better, ' pleomerism,' applies to those compounds in 
which the relative proportion between the constituents is the 
same, but the absolute number of atoms contained in the mole- 
cular weight of one compound is double or treble the number 
contained in the other. 
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There tire several methods of investigating atomic linking 
■whicli mutnally support and aupplempnt each other. In tile first 
place, in many simple eases the atomic linlcing can be deduced on 
purely tlieoi-etical grounds from the composition and molecular 
weight of the compound and the chemical valency of its con- 
stitueiite. But this can be done only when a single form of 
combination ia possible, and the composition only permits of one 
interpretation. When the conditions are not so simple we make 
Qse of analysis and synthesis, assuming that those constituents 
which remain combined together when a compound is decom- 
|K>9ed were preWously nnit«d, and inversely in bnilding up a 
compound, the parts which were united before remain united 
after the combination has taken jitace. Finally, we have a very 
important aid to such investigations, in the connection which 
has been established by innumerable comparisons between the 
chemical and physical properties of a body and its atomic 
i linking. 

B ^ -15. Theoretical Determination of the FoBsible Forms of 
HDombinatioiL — After the composition of the molecular weight of 
H.A compound has been empirically determined, the next question 
H'is to ascertain the manner in which the atoms are linked 
PlJOgether. This is a purely mathematical problem and the apswer 
can, when necessary, be calculated by permutations. It ia ob- 
vious that any indefinite number of atoms cannot unite together 
to form distinct compounds : for instance, the number of mono- 
I Talent atoms is limited, as each monovalent atom can only 
Bimite with one other atom, and cannot lengthen the chain 
^to any greater extent. Compounds composed entirely of 
monovalent atoms can only exist in the form represented 
by type I, (§ 40). ConiiKiunds composed of one polyvalent 
atom and several monovalent atoms exhibit forms exempli- 
fied by types II. to VIII. The number of monovalent atoms 
which can enter into combination corresponds to the valency 
of the polyvalent atom. If a second or third polyvalent 
atom is added, then two valencies are required for the linking 
of each additional polyvalent atom, and are, therefore, not 
available for union with monovalent atoms. The number of 

Ejvalent atoms is increased by a number eqnal to two less 
the valency of the new polyvalent atom. If n,, n^, n,, ji^, 
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represent the number of mono-, di-, tri- and tetra-valent atomn 
then the maximum number of monovalent atoms will be 

jii = 2iij + Sjij + 4^1.^ + 6n^ + 6ng + 7n, + 8iig 
- 2 (iij + jtj + n^ + n, + n^ + n, + w, - 1) 
= 2 + Ijfj + 2w^ + 87(5 + 4Kp + 5«g+ 67ig 

In organic componnda, which usually contain only mono-, di^ 
tri-, and tetra-yalent atoms, 

The number of divalent atoms has no influence on the number of 
monovalent atoms. Each trivalent atom increases the number of 
possible monovalent atoms by one, and each tetravalent atom by 
two. As uo compounds are known in which the number it, of 
monovalent atoms isgreater than is here indicated, this is regarded 
as a confirmation of the theories of valency and of atomic linking. 
If there is only one polyvalent atom in the molecule thea 
only one constitution is possible, even when the monovalent 
atoms differ in their nature, because the valencies of one and- 
the same atom must be held to be equivalent (§ 43), and it. 
is, consequently, immaterial which atom is united to a given 
aiSnity, The following formulas admit of only one interpretation ; 

GH, CH3CI CH,Br, CHBr^ CH^ClBr 

Methane Methjlohloriile Methylenebcomide Bromoform Chlorobromo-' 

methana 

It is an open question (§ 54) whether the formulse only admit 
of one signification when all four monovalent elements ar© 
different. Wlien two polyvalent atoms combine, the formula 
has only one meaning when all the affinities are satisfied by 
monovalent atoms of the same element. For example :~ 

Ethane Me th)'] amine 

Three similar polyvalent atoms can unite with one kind of 
monovalent atom to form saturated compounds, which can only 
exhibit one form of structure, e.g. propane : — 

CH3--CHJ CH3. 

Again, one structure alone is possible in a compound containing 
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f the monovalent atoma differa 



ClgC - - CHCl, 
Pentaoh loret liaoe 



WO polyvalent atoms where one o 
fora the others, e.^. : 
H,C - - CH,C1 H3C - - CHJ 

Ethyl Cliloride Ethjl lodLde 

Bat this is no longer the case when a second monovalent atom 
of another element enters the compound. The entrance of the 
first of these two atoma, puts an edd to the equality between the 
two polyvalent atoms, and consequently the particular poly- 
valent atom with which the second monovalent atom unites is 
now of material importance. Isomeric compounds are now 
possible, and the number of such compounds theoretically 
possible are actually known. When there are only two atoms 
of the new kind present, it does not matter whether they are 
alike or dissimilar. Only two forms are possible for the com- 
pounds 



C^H^Cla and 0,H,ClBr 

H3C- -CHCl, and HaClC- -CH5CI 

Bthylidene cbloride Ethylene chloride 

H,C - - CHClBr and H,01C - - CH.Br 

Ethylidene oWorobiomide Ethylene chlorobromide 



^P But if the number of different monovalent elements increases 
the number of isomerides will increase. If all six monovalent 
atoma are different, then there will be 10 isomerides, as can be 
calculated by permutation. If the six monovalent atoms are 
numbered 1, 2, 3, 4, 5, 6, then we have the following combina- 
tions: 

The second C atom 



The fiiBt C ai 
2 



6 



r (4 + 3 + 2 + 1) = 10 combinations. 
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Id the caae of three simUar or two disEimilar polyralei 
atoma, iaomerism occurs as soon ae a single atom of a secoiii 
monovaleat element enters the componnd : — 

CNH,a = CK,C1 - - NH, or CH, - - NHCI 

ChlorometbjIamiDo MethjIcWonumne 

C^jCI = CH, - - CH, - - CH,C1 or CH, - - CHCI - - CH, 

Propjlchloride Isopcopylchloride 

The number of isomeric componnds increases rapidly as the 
number of polyvalent atoma and the variety of monovalent 
eleraenta increase. Three carbon atoms and eight similar mono- 
valent atoms can only be arranged in one manner, bnt if the 
3 monovalent atoms are all different, then no leas than 
forma of combination are possible. It is clear that the atomic 
linldng in a given compound can only be determined by calcn-' 
lation in the very simplest cases. 
'7 § 46. Determination of tlie Linking by Synthesis and AnalysiB. 
The decomposition and building up of compounds afford a 
valuable means of determining the atomic Unking. The con- 
clusions based on these methods depend on the aasuniption that 
those atoms which are united together before the union of two 
compounds remain united together after the act of combination, 
and that, on the other hand, those atoms which remain joined 
together after the decomposition of a compound were previously 
united in the said compound. This deduction was made use of 
long before the doctrine of atomic linking was known ; but, 
strange to say, the conclusions arrived at in this way were proved , 
to be untenable by the knowledge of atomic linking and were 
abandoned after a prolonged discussion. 

The very ancient observation that a salt is formed from au* 
acid and a base, and can again be decomposed into these conatd-, 
tuents, led to the view that the acid and base are present as such, 
in the salt. Calcium carbonate decomposes into lime and carbon 
diojdde, CaCOg = CaO + CO^; from this it was inferred that 
calcium carbonate contained the proximate constituents CaO and 
CO,, and that its formula was CaO,COj. 

Analogous formulce were given to other salts, e.g. — 

CaCSO, K,0,SO, 3 CaO,P,0, 

Calcium Sulphate Potassium Sulpliate Calcium Phospiiate 
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HAD IC A 1,3 
11(1 similar fortuulic were used for the acids :- 



H.O.SO, 

i^iilphuiiD Add 



8ir,o,p,o, 

Phoiphorio Auld 



and Hu on. 

It is evident that foi-muln} of this doBcription are not per- 
misaibloi, for the compoiuuls are rcpreBontod na composed of 
(TTOnpit of atoms : these groups are iilroudy BiitiinitGd and there- 
fore have no free aflinitiea available for nititua! oombinatioii, 

H- 



0- 


-H, Oo = 


= 0,K- 


-0- 


-K, 


= 


=0 


= 


==s== 


0,0== 


= P = 


= 


=P = 


= 
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ThcHt" formuho are called diialiBtio, on account of their separa- 
tion into two parts. They have betin repliweil by others in 
which the groups are united together by means of their oxygen 
fttoms ; — 



.0. II 

Oa- ■C = = H--0--S--0--H 

■0- II 



The principle underlying these old formuloi, viz. the assump- 
tion that those atoms which wore united in a compound, must 
be regarded as remaining combined, still remains in force, but 
in its application due care is taken to comply with the law of 
atomic linking. 

For ("xample, the action of hydruuhloric noid on alcohol is 
ropresented by the equation — 

tO,H,0 + HCl = C,H,CI + HOU 
jUoobol Ilf drochloriu Aold Efthyl Chlorldo Vf^lw 

In this case two of the carbon atoms and at least four of the 
hydrogen atomfl remain together ; we may asBume, therefore, that 
theee atoms are contained in alooliol and in ethyl chloride also — 
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le formation of addition compounds is frequently used in 
detennining atomic linking, it being assumed that the addition 
takes place at those points where the available affinities are 
situated. 

^ 47. Determitiation of Atomic Linking from Physical Fro- 
parties. — Numerous observations show that the atomic linking 
exercises a marked influence on the prupertica of substances, 
■and it often happens, that two isomeric compounds containing 
exaiCtly the same constituents, possess totally different properties, 
solely in consequence of the different linking of their atoms ; e.17. 
■ethyl acetate has a pleasant ethereal odour and butyric aoid has 
a rancid, offensive smell. When the constitution of a series of 
substances has been investigated, the influence of the atomic 
linking on their properties is soon apparent, and we are now 
able to determine the atom linkiig by a study of the properties. 
The following physical properties chiefly come into consideration : 
density, fusibility, volatility, colour, solubility, crystalline form, 
smell, taste, physiological action, &c. The relation of all these 
properties to atomic linking, has not yet been sufficiently investi- 
gated. These relations grow clearer day by day, and by this 
knowledge it is now possible to make new substances possessing 
certain desired properties. The recent syntheses of dyes and 
colouring matters offer a brilliant example of our power to 
accomplish this object. 

The application of physical properties to the investigation of 
atomic linking depends chiefly on the fact that the physical 
properties change regularly, when a certain definite altera- 
tion in the atomic linking ia repeatedly made and the rest 
of the compound is left unchanged. If we examine a series 
of organic compounds, the members of which differ from each 
other in their molecular weights by increments of IC and 2H. 
it is often observed that the boiling points of these bodies 
exhibit a certain fixed difference for each CHj group. This 
ia not always the case, but only when the constitution and 
linking remain the same, with the exception of the slight 
difference in composition due to the introduction of the group 
CHj. When we find that there is a regular increase in the boiling 
point with the molecular weight, we conclude that the bodies 
have the same or similar atomic linking. Numerous examples 



L 



J 



I are. 

K tioi 



84 OUTLINES OF THEOHETICAL CHEMISTRY 

of these relations are found in the test-books on organio ■ 
chemistiy. 

§ 48. Seterminatiaii of Atomic Linking &om the ChemicaJ 
Behaviour. — -The chemical properties are even more dependent 
on the atomic linkiag than the physical properties. The in- 
fluence which certain groups of atoms exert on chemical behaviour, 
is first determined in compounds of comparatively simple struc- 
ture, each aa those, for instance, in which only one arrangement 
of the atoms is possible or such as permit their atomic linking 
to be easily ascertained. More complicated compounds exhibiting 
ainiilar properties are assumed to contai:i the same groups of 
atoms. If large or small deviations occur, the origin of these is 
investigated by increasing the number of observations and com- 
paring them with one another. In this way a rich collection of 
rules has been obtained, which enable us to deduce the structure 
of compounds from their chemical properties. 

In the c^ie of each of the frequently occurring combinations of 
atoms, such as hydroxy!, OH, amide, NH^, imide, NH, &c., we 
have not only determined which properties of the compounds 
indicate their presence, but we have also ascertained the dif- 
ferences in their behaviour caused by the nature of the atoms or 
radicals with which they are combined. For example, we are 
not only acquainted with a whole series of teats for identifying 
the presence of hydroxyl, but we can also ascertain, from the 
pecnliaritiea in the behaviour of the substance, whether this 
hydroxyl is attached to carbon or nitrogen or whether the 
carbon atom united to the hydroxyl is combined with hydrogen, 
or oxygen, or oidy another carbon atom. In other words, w© 
have the means of diacriminating between the following forraulas: 
CHj— OH, =CH— OH, =C— OH, —CO— OH, 

and many others. 

If a compound contains nitrogen we can ascertain fi-om ita 
chemical character whether the nitrogen is directly combined 
with oxygen, oxygen and carbon, hydrogen and carbon, or witJi 
carbon only. 

The relations between atomic linking and chemical properties 
, at the present time, amongst the chief objects of investiga- 
tion in the field of organic chemistry, and are generally discussed 
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in connection with this branch of the science. Unfortunately this 
subject seldom meeta with systematic and comprehensive treat- 
ment. ' 

§ 49. History of the Development of the Theory of Atomic 
Linking. — Our present imowledge of atomic linliing has not been 
gained by a peaceful, gradual development. On the contrary, 
in proportion as the nnniber of organic compounds which had 
been investigated and analysed increased, the number of new 
formulas in use increased, and these fonnulie were changed when 
they apparently ceased to answer their purpose. Much was 
left to individual caprice, and formulfe were used of which it 
ia scarcely possible at the present day to discover the meaning. 
It is only natural that under these conditions differences of 
i«pinion were frequent, and disputes arose, which were carried 
with increasing bitterness, as the difficulty of proving the 
Correctness of one view or the other increased. Gradually these 
points of difference were smoothed away, and widely divergent 
views were brought into concord. At the present time all 
chemists, with very few exceptions, agree in recognising as 
'ect those formnlie which have been established in accordance 
th the laws of the theory of atomic linking. 
As a result of this gradual development, the correct expres- 
sion of the composition of most substances was discovered, before 
the theoiy, on which the formulie are baaed, was known. The 
theory is still of great value, and is used in determining the 
mula of every newly discovered substance ; it is also useful 
testing and correcting those constitutional formulse already in 
; and, finally, it forms the philosophical basis for the theories 
with which the experienced chemist is so familiar that he 
■ecarcely notes the foundations on which they rest, but which 
prove difficult for the beginner to understand if he has not 
received systematic instruction in these matters. 

We will now take a few examples of the method pursued in 
determining the constitution of an organic compound. 

50. Examples of the Determination of the Atomic Linking, 
'e will assume that the constitution of that class of organic 
"bcxiies termed 'alcohols ' (from the Arabic name for spirits of wine) 

E. Lellman'H PTiHcijiicn der 
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is unknown and has to be determined. These bodies are com- 
posed of carbon, hydrogen, and oxygen, and are characterised 
by certain properties common to all members of the class, more 
particularly by their power of reacting with acids, with elimina- 
tion of water, to form ethereal salts. On hydrolysis the ethereal- 
salts yield the original acid and alcohol. The alcohols are 
mono-, di-, or poly-acid, that is, they can combine with one, 
two, or more equivalents of an acid. The mono-acid contain at 
least one, the di-acid two, the tri-acid three oxygen atoms, 
from which we may conclude that there is a close connection 
between the equivalence of the alcohol and the quantity of 
oxygen it contains. We will confine our attention to the 
mono-acid alcohols, and only consider those mono-acid alcobola 
containing the maximum number of hydrogen atoms, which 
have the general formula C„Hj„+jO, in which n may represent- 
any whole number ; ita value generally lies between 1 and 30^ 
Some of these alcohols are liquid at the ordinary temperature, 
others are solid but easily fusible. They are all volatile, and 
can be distilled ; in the case of the higher members of th»- 
series the distillation must be carried on under reduced pres — 
sure. The volatility generally diminishes as the moleculair- 
weight increases, but a larger molecular weight is not always 
accompanied by a higher boiling point. Isomeric alcohols 
have, without exception, different boiling points. 

In order to determine the atomic linking it is best to begi 
with the lowest member of the aeries — that is, with the member- 
having the lowest molecular weight. This is wood spirit, CH^O, 
in the formula for which k=1. It is obvious that only one 
arrangement of the atoms is possible in this case : — 
H 






H- 



-0— H 



As no other mode of combination is possible, the alcohol nmat 
be a compound of methyl (CHg) and hydi-oxyl (HO). This 
view is confirmed by the behaviour of the compound, e.g. 

CH,— OH + H— 1=CH3— I-t- HOH 



kAs this and analogous reactions are common to all alcohols, it ia 
•probable that they all contain hydroxyl. If n=2, the formula 
9 that of spirits of wine, C^HfiO. In tliis case two different 
E modes of arranging the atoms are possible : — 

CH3— CH,— OH and CH,— 0— CH^ 
Etbyl hjdroside Methjl pside 

■7 Bat the alcohol must have the first formula, because the radical 
ethyl, CjH„ can be exjielled unchanged from this compound by 
the action of acids and other substances, and this shows that 
the two carbon atoms are united together. The Becond com- 
bination represents the formula of a well-known compound 
(methyl osdde) which may be prepared by the following re- 
action: — 






CH,~-0— N» + CH,— I = CH,— 0— CH, + Nal 
Methjl Alcoholate Mothyl Iodide 



There is not a second alcohol isomeric with ethyl alcohol ; 
Irat when n='d, two isomeric alcohols are possible. Both con- 
tain the group of atoms C^H,, propyl ; but the compounds 
which these two radicals form are only isomeric, and not 
identical. It is evident, then, that the radicals are not identical, 
but merely isomeric. Now, three carbon atoms can only be 
linked together in one way ; the difference must therefore be 
due to the different manner in which the hydrogen atoms are 
distributed. Taking this into account, we can only- have two 
'ibrmnlae for the alcohols :— 



CHg— CH,— CH,— OH and CH3— CH— CH^ 

i 
OH 



Ili: 
d, 
di 
The hydroxyl ia either united to one of the end carbon atoms, 
which is also combined with two hydrogen atoms, or it is 
attached to the middle carbon atom, which is united to one 
hydrogen atom. Now the question arises, which formula is to 
be ascribed to each of the two known alcohols, CjHj.OH, One 
is formed together with ethyl alcohol in the process of fermen- 
tation, and occurs in fusel oil, and boils at 97°C. ; the other 
■ boils at 83°, and was first prepared by Friedel by the action of 
K nascent hydrogen on acetone, CjHgO. 



i 



If we compai'6 tliese formul£6 with that of ethyl alcohol 
find that the formula of ethyl alcohol bears a closer resemblance to 
the first than it does to the secocd formula, for the hydroxyl is 
attached to a carbon atom which ia united to two hydrogen 
atom.8, and only one other carbon atom. Itia therefore probable 
that the first formula belongs to that alcohol which bears the 
closest resemblance to ethyl alcohol. 

This is without doubt the fermentation propyl alcohol boiling 
Bt 97°. Without going into detail, we may point out that, like 
ethyl alcohol, this alcohol on oxidation loees two atoms of hydri> 
gen, forming an aldehyde (alcohol dehydrogenatus), and this by 
taking up oxygen is converted into an acid. On oxidation 
isopropyl alcohol, boiling at 83°, yields the acetone CjHgO, from 
which it was obtained by reduction, but it does not yield any 
acid. Other isomeric alcohols exhibit a similar difference of- 
behaviour on oxidation. It is consequently important to ascer- 
tain the atomic linking of the aldehydes, acids, and acetone. The 
aldehydes and acids have the molecular weights represented ly 
the following formulje r— 

CH,0 CjH.O OjHgO 

Formaldehyde Acetaldehyde Propion aldehyde 

CHjO, CjH.Oj CaHgOj 

Fonnic Acid Acetic Acid Propionic Acid 

As these bodies are derived from alcohols, all their carboo. 
atoms must be united together. But as the number of hydrogen 
atoms does not attain the maximum value for n, given in § 45, the 
question arises : Are we to assume the existence of unsaturated 
affinities or of double linking ? This question is difficult to 
decide experimentally in the case of the aldehydes. With regard 
to the acids, the answer is decidedly in the negative. "We con- 
sider that the hydroxyl of the alcohol remains in the acid, as it 
is easy to simultaneously expel from an acid one atom of oxygen 
and one of hydrogen. If we make use of this supposition, only 
one of the theoretically possible fonnolje for formic acid derived 
from methyl alcohol is available, viz. H-^CO — OH. 

The radical HCO, which is combined with the hydroxyl, ia 
called ' formyl' ; it is composed of carbonyl, CO, and hydrogen, H. 

On comparing this formula with that of methyl alcohol, it is 
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jen that in addition to the hydroxy!, the acid contains an atom 
of oxygen attached to the carhon atom instead of two atoms of 
iydrogen in the alcohol. The close resemblance which exiata 
between acetic and propionic acids and formic acid makes it 
highly probable that these acids are formed from the alcohols in 
a Similar way, and contain instead of two atoms of hydrogen, one 
aton of oxygen, united to the carlron atom to which the hydrosyl 
vie attached. According to this hypothesis the formulse for the 
^bcids vould probably be 
B Formic acid, H— CO— OH 

B Acetic acid, CHj— CO— OH 

B Propionic acid, CH^— CH,— CO— OH 

H If these formula3 are correct the group of atoms termed 
^Tcarboxyl,' CO— OH, is characteristic of these acids and deter- 
^nnines thtir properties. Formic acid is therefore hydrogen 
B^-carboxyl ; acetic acid, methyl carboxyl ; and propionic acid, ethyl 
■carboxyl. This supposition is confirmed by the behaviour of 
the acids ; far iu reactions in which formic acid and its salts 

I^ve off hydiogen, acetic acid yields methyl and propionic acid 
fields ethyl. 
H— CO— ONa + HONa = H— H + NaO— CO— ONa 
CH,-CO— ONa + HONa = CH^— H + NaO— CO— ONa 
' C,H.— CO— ONa + HONa = CjHj— H + NaO— CO— ONa 
I All three aciis are decomposed by heating with an excess of 
feaustic soda, yieiding sodium carbonate and hydrogen, methyl 
aiydride or methaie, ethyl hydride or ethane respectively, 
' These views arg confirmed by many reactions of these acids, 
and the investigation of many other acids proves that wherever 
the carboxy] group of atoms occurs the compound has the 
properties characterfetic of an acid. 

When this was o»c6 recognised it became evident why some 

x>hola do not yield icids. Only those alcohols can yield acids 

which contain a carboa atom, which is united to two hydrogen 

iiid the hydrDxy" group. 

The group— CHj — OH is as characteristicof these 'primary ' 

lohola (as they are calbd) as the carboxyl group is of the acids. 

In the same way it cm be shown that the group ^:H3H — OH 

B characteristic of the ^cond clasa, the ' secondary ' alcohols, 
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vUdi yield aceCaoe or kindred bodies oo oxidarion. 
' teartiarj ' skobofa wbidi jidd neitber acids nor tetooes, I 
lose arbim on cmdatiDB, ««■**"■ tbe gR)ap= C — OH. 

* !>»> .^a.» rf.j»;^p n.a»a jA « . -..» ». i ^ ti» p-^"*^ of diE^reiice f 
> iMrgB nomber of ahohob, tfae odwr AerocaJ and phyr 
pmpertiee of tlie alookils W7v« inrat^ated. Hie rwiilt iii 
that, in a groap of iaoraaic aleokils, the prnBaiy boil Ii 
than thn nnmndajy. and llwwi again fcigfcrr than ihr tntiaiy,! 
tfae latter hare, tm the oAtr band, a Uglwr tndtiog point. 
three classea of akobois can bo distiBgiiiAei] 1^ m«ans of ti 
boilii^ points. .Ahhoo^ it is miDeenaaiy to nee thif mrthod' 
fcr Aia particBlar pacpooe, it prorca of great vabie in fscrimi- 
nadi^ between isookenc alcohik of the same ciaaB. For ex- 
«in|de, fbnr isoamic batrl alcofac4s (C,H„0) are known : two 
of tbese are {vimaiy, and ooDfeqaentlr rantain the group 
HO — CH,— . The difier^oice between tbem must cjosist in a 
&kK^xe in tbe arraBgnnent of their ofch^' carbon atoi 
According to tfaeorr, two modes of linHng are po^Ue :— 
HO— CH,— CH,— CH,— CH, and HO— CH,-C^-CH, 
I 
CH, 

Whid of these fcnnobebelM^ to Ao akobol boiling at llff 
iriucb is obtained by the redaction of botyric acid, and wfaio 
SinBoIa most be a^nbed to the akobol boiling at ICKPand c 
teined in fasel oil ? This problem may be joh^ in i 
wavs. By deprirtng eaich alcobcd of tbe elaaentB ot wat^r & 
bydrocaibon. botyle&e (^C,H^\ is obtained. Kch bo^Iene Dnites 
wiih hydiiodic acid, forming a botyi iodide (^C^H,!), in which the 
iodine can be i^placed by hydroxyl. Tbe Oiiginal alcohols are 
sot reprodnoed by this joxx^^. Tbe alcibij buting at 110° 
TicUs a Hcoodaiy alctdtcd (boiling point 99°). and the alcohol 

LSi^ at 109° yields a Uatiuy alecdKi bailing at 83°. Only 
a fiwaaala is poeaiUe fiv each of these akohc^: — 
CH. 




CH,- 



— CH- 
I 
OH 



-CH, CH, 



CH.- 



I 1 

--C^-CH. 

OH I 



» 
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I The difference from the onginal alcohols, cftn only be due to the 
I fact, that the new hydroxyl (ioes not take up tJie position pre- 
I viouely occupied by tlie old hydroxyl. Imagine that they are 
I reconverted into primary alcohols, then we get the preceding 
I formnlaj again, and we see that the first fonnnla, in which no 
I carbon atom is directly united to more than two others, belongs 
L to the alcohol boiling at IIG"; the other, in whicli one carbon 
I atom ia united to three others and one hydrogen atom — is con- 
f Bequently in a ' tertiaiy ' position— belongs to the fusel oil alcohol 
ll)oiling at 109°. The first kind of linking is termed 'normal ' to 
w diBtinguish it from the abnormal ' branched ' or ' side-chain ' 
i linking. 

I Experience has shown that the normal compounds always 
rtave a higher boiling point than those with aide chains, and 
I that the boiling point of the latter falls as the number of side 
w chains increases. In the case of bodies having a similar con- 
[ Btitotion. the aildition of CH, raises the boiling point from 
I 18° to 22°. This fact may be used for determining the con- 
[ stitntion or for testing and confirming the accuracy of a con- 
I Btitution determined by other methods. 

I § III. Aromatic Compoirnds. — Benzene and the so-called 
i aromatic compounds ' derived from it offer a remarkable example 
K of the manner in which the atomic linking has been investigated. 
I Senzene is a hydrocarbon which contains the same number of 
I carbon and hydi'ogen atoms. Its composition is represented by 

the formula C„Hj„, where n stands for a whole number. Its 

molecular weight is therefore 

m = n(G + R}=n(n-i)7 + l) = nx 12-97. 

Faraday found that the density of its vapour is 2'762 times that 
of air; m will therefore be approximately 79'43. 

m = 28'S7x 2752 = 79-43, 

or, for the corrected value. 

m = 6xl2'97 = 77-82 = C,H,. 

' The nHiue ' aiomatic componndB ' baa Its origin in tbe fuct tbat the mem- 
bers ol tbis group which woto lirat investigated possess »□ aromatic odour, a 
property not tboiod by all the members. 
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A very large number of combinationa is possible for the twelve 
atoms contained in thia molecular weight, aud, at first sight, it 
appears perfectly hopeless to attempt to investigate the con- 
stitution of benzene. 

An ingenious interpretation of the behaviour of this sub- 
stance led Kekule to propose an hypothesis which explains all 
its peculiarities in the simplest way. This hypothesis has 
maintained itself to the present day, in spite of all the criticism 
to which it has been exposed for a quarter of a century. The 
hypothesis is based on the observation that, when an atom of 
hydrogen in benzene is replaced by another atom or radical, 
only one single derivative is produced. It does not matter which 
of the hydrogen atoms is replaced; isomeric compounds are never 
formed. That it ia not always one and the same hydrogen atom 
that is replaced, but that in reality different hydrogen atoms 
are displaced, can be shown in the following way. Nitro-benzene 
is formed by the action of nitric acid on benzene : — 



C.H^ + HO— NO, = C^H,— NOj 

Benzene Nitric acid Nitjo-beniene 



HjO 

Water 




Cbloro-benaeoe (CgHjCl) can be prepared in several ways 
from this nitro-benzene, in which the nitro-gi'oup (NOj) has 
replaced an atom of hydrogen. We may either reduce the 
nitro-group to NHj and replace the latter by chlorine, or we 
may replace a hydrogen atom in nitro-benzene by chlorine (in 
this case it is evident a different hydrogen must be displaced). 
The nitro-group is eliminated from the cliloro-nitro-benzene 
(CgH^NOjCi) and replaced by hydrogen. Experiments of this 
kind have been conducted in widely different forms, but they 
all yield one and the same chloro-henzene. From this behaviour 
of benzene we conclude that all the hydrogen atoms in benzene 
are equivalent to each other in every respect, and that each 
hydrogen atom is combined in exactly the same way as each of 
the others. These conditions are satisfied by Kekule'a hypothesis 
that all six carbon atoms are united together forming a closed 
ring,' and the hydrogen atoms are uniformly distributed amongst 
the carbon atoms as is shown by the following formula : — - 

' The ring formula does not indicate that the atoms are arranged in a 
plane cirole, but only that tbey form a closed chain. 
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C C 



I 



H 

In order that all four affinities of each carhon atom may 
come into play, it is assumed that the linking in the ring ia 
alternately by one and by two affinities. In recent times this 
comparatively minor detail of the hypothesis has given rise to 
much discussion. 

KekulS's formula explains the whole behaviour of benzene 
and its derivatives in a remarkably satisfactory manner. In 
the first place it indicates that each ' mono- substitution product ' 
obtained by the replacement of one of the hydrogen atoms can 
exist in one form only, and that isomerides cannot exist. But if 
a second atom or radical ia substituted for a hydrogen atom, the 
perfect symmetry of the molecule ia changed, and the second 
atom raav take one of three positioos, namely, next to the first 
or separated from it by one or by two carbon atoms. If the first 
■atom takes the position at 1 , the second may occupy the position 
■Bt 2 and 6 (which are identical), or at 3 and 5, or finally at 4, 



6C 

I 
50 



02 

II 

03 



Strictly speaking, the positions 2 aiid 6 are not absolutely 

identical on account of the double linking ; this has led some 

I authors to assume that the fourth affinities are free or else united 
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to the opposite carboa stonu. These modifications of the hypo- 
tbeeis have not ap to the present acquired any particular practical 
eigniScatioii. 

In spite of tie repeated endearoara of many chemists to 
diacorer four isomeric di-substitntion prodncts of benzene, e.g. 
dichloro-benzenes. not more than three hare ever been discovered. 
It is this circnmstance which has gained for Kekale's hypothesis 
a general recognition of its valae. The three isomeric di- 
sabstitntion prodncts are distinguished l^ the prefixes ' ortho,' 
' meta,' and ' para,' 

The problem now arises. Which of the three positions 1 . 2, 
1 . 3, and 1 . 4, or which of the three formal^ 

CI CI CI 

I I I 

HCCl HCH HCH 

\/i\/ \y^\y \/>\/ 

C6 2C Cs 20 Ce 20 

II II II 

C« >C Cs 30 05 30 

/\*/\ /\'/\ /\*/\ 

HCH HCa HCH 
1 I I 

H H Gl 

1 . 2 or I . 6 1 . 3 or 1 . 5 1.4 

is to be assigned b? each of these compounds ? 

Owing to the inherent difficulties of the problem, this question 
was debated for years, and our views on the subject have fre- 
quently been altered. One remarkable fact is, that on further 
snbstitation the para-derivative only yields one tri-snbstitution 
product, but both of the other derivatives yield more than one tri- 
Bubstitation product. As it is only in the third formula that the 
four remaining hydrogen atoms occupy simdtur positions, this 
formula has been unsigned to the para-compounds 1.4. In the 
first formula, 1 . 2, the four remaining hydrogen atoms are in two 
different relations to the chlorine atoms, 3 and 6 are adjacent 
to the chlorine atoms, 4 and 5 are separated from them bv a 
carbon atom. In the second formula, 1 . 3, the third chlorine 
atom may occupy three different positions — e.g. 2, between the 
two chlorine atoms ; 4 and 6, adjacent to the chlorine atoms ; 



and 5, separated by a carbon atom. Aa it has been proved by 
experiinent that an ortlio-di-aubatitution product can only yield 
two tri-substitution products, and the m eta-compound yields 
three tri-substitution products, the formula 1 . 2 is assigned 
to the urtho- and 1 . 3 to the m eta-derivatives. 

Numerous comparisons have fully confirmed these hypotheses, 
and it is now seventeen years since the accuracy of these views 
"was disputed. 

These examples suiEce to give an idea of the methods by 
■which our intimate knowledge of the constitution of organic 
■compounds has been acquired. 

We may in this see a confirmation of the saying of Bacon : 
Nee manuB nada, nee iDtsUectua sibi permissQE ad inreniendam veritatem 
multmn valet. IDst^umeQ^i3 et auxiliia res perficitur, quibus opna cat non 
mionB ad iatellectura qiiam ad manum. 

§52. Physical IsomeriBm'. Allotrop^. — As the investigation of 
. the constitution of organic compounds was extended, many in- 
Btonces were observed in which a larger number of isomeric bodies 
were discovered than could be accounted for by means of the 
uIbb derived according to the laws of atomic linking. In 
)Bt of these cases the isomeric substances differed less in their 
micat than in their physical properties, such as density, melt- 
r point, crystalline form, &c. 
Such ca.sea of iBOmerism which cannot be explained by 
temical formulfe are ti'rmed ' physical iaomerides ' to distinguish 
ihem from the ' chemical isomeridea,' which are caused by a 
"flerence in the mode of linking. This physical isomerism is 
y closely related to and is almost identical with ' allotropiam.' 
The latter expression was introduced by Berzetiua, and applied 
by him to describe the occurrence of elements in different 
forms or conditions, or 'allotropic modifications,' Before the 
molecules of elementary bodies were regarded as compounds of 
similar atoms, the existence of one and the same element in 
different modifications could not be explained in the same way 
as the isomerism of compounds. Hence the necessity of a 
special term to he applied to this class of plienomena. At the 
present time the expression ' allotropism ' is also applied to 
compounds, and is synonymous with physical isomerism. There 
are several kinds of physical ii 
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§ 53. Folymorpblsin, — Dimorphism and polymorphis 
common fonns of physical iHomerism. "When one and the same 
substance crystallises in two or more distinct forms, it is said to 
be dimorphous or polymorphous. Both elements and compounds 
exhibit this peculiar phenomenon. Well-known examples of 
polymorphism are exhibited by carbon, which crystallises in the 
regular system as the diamond, and in the hexagonal system as 
graphite. Sulphur is deposited from fusion in monoclinie 
crystals and from solution in carbon bi-sulphide in rhombic 
crystals. Calcium carbonate (OaCOj) occurs in rhombohedral 
crystals as calcite and in rhombic crystals aa arragonite. Silics 
is met with in two distinct hexagonal forms as quartz and tii 
dymite. Titanium dioxide (TiOj) exists in three distinct forma 
as rntile, brookite, and anatase. Stannic oxide (SnOj), which h 
isomorphous with titanium dioxide, assumes the same forms at 
rutUe and brookite, and perhaps anatase. These bodies an 
consequently ' isodimorphous ' or ' isotrimorphous." 

There are many other examples of iaodimorphism, snch ai 
that of the oxides of arsenic and antimony, As^Og and Sb^Og, tlM 
sulphides of copper and silver, Cu^S and AggS. Many organU 
compounds are also dimorphous. 

The form that a di- or poly-morpbous body assumes aO 
crystallisation depends chiefly on the temperature, and also on 
certain other external conditions. If the crystallisation taket 
place from a solution, the nature of the solvent, the presence oi 
otlier substances, especially of such as are isomorphous with c 
of the forma of the body in question, influence the form that 
body assumes. 

The conditions under which many forms are produced are 
entirely unknown. We do not know under what conditions 
carbon crystallises as diamond, in spite of the numerous attempts 
which have been made to produce this valuable gem. In th&J 
case of many organic compounds one modification i 
accidentally obtained, but the conditions under which it is formedl 
still remain unknown. 

The allotropic modifications of a substance differ conaideivl 
ably in their stability. Some modifications when once formed I 
are very stable, but others can only exist within narrow limits 
of the conditions under which they are produced. As examples 
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the first class we hav© carbon as diamond or graphite ; 
sulphur ia an example of the second class. 

The diamond and graphite can exist unaltered side by aide, 
and it is only at a very high temperature that the diamond is 
converted into graphite. On the other band the rhombic form 
is only stable below, and the monoclinic form above, 
temperature of 95°'6C.; both modifications can exist un- 
changed for some time outside these limits But they are in a state 
of unstable equilibrium, which is easily upset by heating, or 
shaking, or more particularly by contact with a crystal of that 
■-modification which is stable at the prevailing temperature, and 
le whole mass is converted into this form. 

dimorphous organic compounds behave like sulphur 
in this respect, and as a rule only one modification is stable, 
and the other unstable above and below a certain definite 
temperature. 

This kind of physical isomerism is supposed to be due to a 
^fference in the arrangement of the particles or molecules, which 
'ire in themselves identical. The accuracy of this hypothesis 
cannot be proved, as we do not possess any method by which 
the nature, or even the size, of the molecules of solid bodies can 
be ascertained. But when we see that under suitable condi- 
_taon8 crystals of both modifications can be obtained from one 
iA the same liquid, it seems probable that these modifications 
composed of similar molecules, just as difierent kinds of build- 
igs can be constructed from the same kinds of bricks. This 
of isomerism may be termed 'isomerism of aggregation.' 
54. Physical Isomerism of the Uolecnlea. — There are also 
of physical isomerism caused by a difference in the mole- 
colea. The examples of real polymerism belong to this class, 
e.g. when a body has different molecular weights in the gaseous 
and liquid states. In the case of sulphur the molecules at 
temperatures near the boiling point consist of six atoms, S^, 
which are split up at higher temperatures into molecules con- 
sisting of two atoms, Sj. Many organic and inorganic com- 
pounds, such as certain aldehydes, acetic acid, nitrogen peroxide, 
&c., exhibit analogous behaviour. 

The allotropic modifications of phosphorus are probably due 
to differences in the number of atoms composing the molecules. 
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If phosphorna be heat^ above 210° in a closed vessel too 
to permit the element being completely converted into vaponr, 
it passes from the gaseous state into a red solid modlQcation, 
from which the colourless variety is regenerated, if sufBcient 
space be offered for complete volatilisation. The red modifica- 
tion is produced from the compressed and the colourless from 
the expanded vapour at the same temperatare (210-300°). It 
is therefore probable that both modifications already esisted in 
the state of vapour as isolated molecules. A difference in the 
vapour can only be due to a difference in the molecules. It 
is not yet known whether this difference is to be ascribed to, 
polymerism. i 

§ 55. Optical iBomeriim. — The most remarkable form of 
isomeriam, is that in which the isomeric bodies crystallise in forma 
which are identical in all their individual parts, such as angloa 
and faces, and are symmetrical but not superposable, and bear 
the same relation to each other that an object bears to its 
reflected image in a mirror, or that a right-hand glove bears to 
a glove for the left hand. This peculiar behaviour is generally 
associated with another remarkable property, viz. the bodies 
are optically active. One turns the plane of polarised light to 
the right, to the same extent that the other does to the left. 
The bodies thus acting on polarised light are divided into 
two classes. Some substances are optically active only when 
they are in a solid and crystalline state ; others are optically 
active as liquids, either in solution or in a molten state ; and a 
few gases or vapours are optically active. The members of tho 
first class either crystallise in the regular form or are uniaxial 
and crystallise in the quadratic or hexagonal systems. Jf the two 
kinds of crj^stals are placed in parallel lines it is noticed that 
certain hemihedral faces which occur on the right side of the one 
set of crystals are found on the left side of the other crystals. 

Cinnabar, quartz in the form of rock crystal, chlorates, bro- 
mates, periodates, thioaulphates, sodium sulphantimoniate, and 
some organic bodies belong to this class. 

As the rotation of light by these snbatances depends on their 
crystalline form and ceases when the substances are brought into 

liquid state by fusion or by solution, it is evident that the 
rotation is not due to the nature of the molecules, but is caused 
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' by a peculiarity iu tlieir arraupfoment. It is aaanmed that tlie 

molecules are arranged in a spiral form, and that in one form of 

crystal the spiral turns to the right aud in the other to the left. 

The second claaa of optically active compounda exhibits this 

property in the liquid state. In these cases the molecules are 

I free to move about and do not take up fixed positions. Hence 

' it appears that the rotation of light is not due to the relative 
position of the molecules, but to their peculiar nature. 

Of course this does not exclude the possibility of these sub- 
stances (if they are capable of crystallising) exhibiting a peculiar 
arrangement of the molecules. This is indeed the case with many 
compounds ; e.rj. tartaric acid (C^HgOg) crystallises in two different 
forms, which are non-auperposable and bear the same relation 
to each other that an object does to its reflected image. Only a 
few of these compounds crystallise in the regular system (amyl- 
aniinealum)orare optically uniaxial (strychnine sulphate): these 
bodies rotate the plane of polarised light in the crystalline state. 
Most of these sabstances belong to the rhombic, monoclinic, 
or tricUnic systems, and form optically biaxial crystals, which do 
not exhibit the phenomenon of rotation. 

§ 56. Asymmetrically linked Carbou Atoms. — In investi- 
gating the cause of the rotation of light due to the nature of 
Sie molecules, it is important to notice that this peculiar pheno- 

[ menon is only observed in organic compounds, and only a, 
comparatively small number of carbon compounds exhibit this 
property. This observation led to the hypothesis that the 
phenomenon is due to a peculiarity in the linking of the atoms. 
In fact, in 187d two different investigators, Van t' iloff and Le 
Bel, independently discovered the connection existing between 
the rotation of light and atomic linking and offered a perfectly 
satisfactory explanation of this optical isomerism. 

As stated in § 4;3, the four aSinities of a carbon atom are 

[ uniformly arranged in space, and consequently the four atoms 
united to the carbon atom are arranged round it like the four 
comers of a tetrahedron round its centre. If these four atoms all 
differ from each other either in their nature or in being combined 
with different atoms, then two forms of combination are possible. 
These are sketched in perspective and numbered I. and II. 

The four atoms or radicals, a, h, c, d, are attached to the carbon 



atom in such a way tbat tha two figures are i 
and one ia the reflected image of the otter. Imagine your eye 
ig placed in the position of one of the atoms, say a, and directed 
towards the other three atoms ; then it sees h c A in I. in the 
direction in which the hand of a clock moves, but in II. in the 
reverse direction. 
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A carbon atom in this condition ia said to be an unsym- 
metricallj linked carbon atom, or briefly an asymmetrical carbon 
atom. A careful examination of all those compounds which can 
in the liquid state rotate light shows that each of these bodies 
contains at least one asymmetrical carbon atom ; several contain 
more than one. The property of rotation depends on the pre- 
sence of an asymmetric carbon atom. 

Let it=R, b = RO, c=COOH, (i=OH,; these gronpa are 
contained in malic and tartaric acids : both of these acids exist 
in two symmetrical forms. 

H H 



HO— CO— c— cn^- 
ok 



-CH,— C— CO— OH 



According to the formulee generally in use, only one form of 
malic acid ia possible, viz. — 

HO— CO— CH— CH,— CO— OH 
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rSut if we take into consideration the fact that the carbon atom 
attached to the HO group is asymmetrical, then two formnlae 
are possible. Starting from the hydroxyl, the sequence of the 
other aton^ or radicals is in the direction of the hands of a clock 
a one formula — 

H,CO— OH,OH,— CO— OH 
And in the reverse direction in the other — 

H,CH,— CO— OH.CO— OH. 
The two formula are non-Buperpoaable.' 
§ 57. Active and Inactive FormB, — The rotatory power of a 
compound ceases when the asymmetrical carbon atom disappears ; 
for example, malic acid is converted by reduction into succinic 
Kid— 

HO— CO— CHj— CH,— CO— OH 
frhich is inactive. 

The rotatory power also ceases when equivalent quantities 
iif both modifications unite and crystallise together. For 
■example, the two optically active malic acids unite and form an 
inactive acid because the rotatory power of the one neutralises 
that of the other. In such cases the components may be separated 
by means of suitable agents ; for example, one constituent may 

(combine more readily with other dextrogyrate bodies ; the other 
may unite more easily with other hevogyrate compounds. We 
are acquainted with two optically active malic acids which unite 
together, forming an inactive modification. 
If a compound contains two asymmetrical carbon atoms 
which are united to similar atoms or radicals, then there can 
«xiEt two optically active and two inactive forms. This is the 
case with regard to tartaric acid ; we have dextro- and Isevo-tar- 
taric acid. One inactive acid (racemic) is a compound of the 
Ltwo active forms, but the second acid owes its inactivity to the 
' To maie this point perfectly clear, divide the surface of two wooden 
rballBot the same size into eight equal sphcrioal triangles or quadxants by 
IB of three circles cutting each othei at right angles. Bore a hole down 
to the centre of the globe in the middle of each alternate quadrant. Insert 
four tods of eqnal length, one in each hole : these indicate the direotiun of the 
foicea of affinity. Fis tour balls of different colours to the free ends of the 
Fioda, and jan have a representation of an asymmetrical carbon atom. Ac- 
ing to the sequence of the coloured balls, thegroups will be either identical 
IT HynunetrioBl, i.e. the reflected image of each other. 
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fact that Hie position of the other atoms at one carboa atom is 
nns}'mmetiica] witli the dextrogyrate and at the other caibou 
atom unsym metrical with the l^vogyrate modification. 

ITiis second form cannot be split op into two active modifi- 
cattrms. If the two BajTnmetric carbon atoms are nnited U> 
difierent atoms and radicalu, the effect of one is not, as a role, 
counterbalanced by that of the other, and consequently all foar 
raodid cations may be optically active, but in different degrees. 

The number of possible isomerideB increases with the 
Duml)er of asymmetrical atoms. A large number of isoraeridea 
can exist in the series of sugars, and the terpene derivatives. 

§ 68. Fhytioal Iiomeriim, with Double linking. — When 
aMymmetric carbon atom loses one of the four atomn or radicals 
witlt which it is combined, and attaches itself to a neighbonring 
atfim by a doable linking, the optical activity of the compound 
is lost, but the possibility of physical isomerism still continues. 
Malic acid {C^HgO,) affords one of the beat known examples of 
this class. It loses wat«r (HO + 11 = H^O), forming the isomeric, 
fiimaric, and mateic acids (0^11,0^). The latter 
yielding the anhydride C^HjOg, but furaaric acid does not form 
an anhydride, 'Hiere is only one formula ' for the two acids ia 
the system in general use, viz. 

HO— CO— CII— CH,— CO— OH 

OH Malic Acid 

HO— CO— CH=CH— CO— OH 

Pumaric and Ualeie Acids 

But if we take into consideration the arrangement of a! 
in space, then we can have two different formula3, 
I H H H CO— OH 

I \ / \ / 

■ coc ccc 

I HO— 00 CO— OH HO-CO H 

^B Ualelo Acid Famarjc Aoid 

H 



' The only other formula, HO— 00— C—CH,— 00- OH, 



be correat, 
idtheBamo dibrocio- 
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prtich Van t' Hoff and WislicenuB have sliown are perfectly 

upable of explaining the difference in the behaviour of the two 

IdB. 

It 18 obvious tliat the first formula represents maleic acid, as 

mity of the carboxyl gi-oupa — CO — OH facilitates the 

a of an anhydride. 



\^ / 




CO- 



-0 — CO 



In fumaric acid the carboxyl groups are diametrically oppo- 
pite each other. 

Both acids combine with the elements of water, forming in- 
aalic acid, wliieh can be split up into two optically active 
lOiDerides, The addition of the elements of water takes place 
1 each of the two possible ways. 

The introduction of the idea of a difference in the arrangement 
Jflf the atoms in space into the constitutional formulae of organic 
■icomponnds has provided a satisfactory explanation for numerous 
isomerism which could not be formerly accounted for. It 
■ lias also led to the discovery of namerons relations between the 
l.arrangement of the atoms and the properties of compounds. The 
1 hypothesis of asymmetrically linked carbon atoms was first pro- 
Bpounded in 1874, and it now ranks as one of the most firmly 
Jestablished of the doctrines uf chemistry. 

59. The Absolute Dimensions of Molecules and Atoms. — The 

molecules, the constitution of which has been discussed in the 

preceding paragraphs, are not indefinitely sniEdl, although much 

smaller than any magnitude perceptible to our unaided or even 

bto the aided senses. As to the magnitude of the molecules 

themselves, it is at present impossible to give any exact determi- 

Bnatioiis j still the limits within which the dimenaiona must lie 

f 'Can be approximately determined. Such approximations may, 

was shown by Sir William Thomson in 1871, be arrived 

^St by the aid of various physical phenomena; hie conclusions 

(lave been confirmed and extended by other investigators. 

Tom certain optical phenomena, for instance, from the disper- 
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Bion accompanying the refraction of light, ifc may be concludec 
with some degree of probability, that the molecniea of trauaii 
parent materials, such aa glass, water, and the like, are greate 
than the ten -thousandth part of a wave-length of light, whicli^ 
latter amounts again to only a few ten-thousandth parte of a 
millimetre. Similar conclusions may be drawn also from the 
destruction of colonring matters on solution, and again from the 
contact electricity of metals, and the heat produced by the 
attraction of metallic plates oppositely electrified, from the mini- 
mum thickness which soap bubbles can attain without bnrating, 
and especially from the properties of gases and the liquids pro- ' 
duced by their condensation. 

The highly developed kinetic theory of gases shows, foC^ 
instance, that certain relationships exist between the dimensioni-B 
of gaseous particles, their velocity, and the path which theyf 
traverse before they come in contact with one another. From. I 
these relationships approximations may be made as to tha'>l 
weight and the mass of the molecules, and at the same time also I 
of the atoms. 

All these investigations have proved with approximate 
agreement that the diameters of the molecules of different 
substances are smaller than the ten-millionth part of a millimetre, 
but at the same time not indefinitely smaller than this. 

These approximations agree fairly well with the determina- 
tion of the weights of the atoms mentioned in §21, which i 
show that certain limits exist within which the value of theeo 
extremely small quantities must lie. 

^ 60. Aggregation of the Moleooles. — The particles of matter 
of which we are cognisant by our senses are produced by the 
heaping together of the molecules. These, according to the 
foregoing, must exist in enormous numbers, even in the s: 
visible and ponderable mass. 

The mode of aggregation of these molecules mast vary, aoAs 
these differences will give rise to the different states of matter. 
In the solid condition the particles are held together in an 
unalterable position ; in the liquid state they are so held that 
the particles move easily among one another in such a manner 
that no two particles remain neighbours for any length of time. 
Between these two conditions, forming as it were the p 
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ween tiie extremes, we have the softi, plaatic, and viacous 
tatea of matter in whicli the particles may move with greater 
I ditEculty, under the influence of the force of gravity or 
ressure, without destroying the continuity of the whole masa. 

In the gaseous state the attraction of the particles for one 
another ceases, so that these separate particles move away into 
apace unless they are prevented from doing so by impassable 
boundaries. 

§ til. The Effect of Heat. — In no one of these conditiona can 
we assume that the particlea are in a state of absolute rest ; we 
must rather imagine that in each one the particlea poasess a certain 
motion, which is perceptible to us as heat, and this movement 
becomes the more Hctive the greater the amount of heat the 
bodies take up. The form of this motion is not fully onderatood ; 
still in the solid state each particle can only move round a certain 
tixed position of equilibrium, this motion being either vibratory 
or rotatory. 

In liquids the particlea must be imagined as moving over 
one another, bo that they leave no spaces between them, whereas 
in the gaseous or vaporous condition the particles are so far 
separated from one another that they move iuto space along 
rectilinear paths until they come in contact with some hindrance 
by which they are diverted from their path. A consequence of 
an accelerated motion of the particles is to be found in the 
expansion of bodies by heat, because more space is required for 
these extended movements. 

It is, however, a remarkable fact that in the passage from 
one state of aggregation to another bodies take up the heat 
which diaappears as such, so that it is no longer recognised by 
the senses or by the thermometer. This so-called latent heat 
serves, doubtless in a great part, to produce those movements 
of the particles which are characteristic of the new condition ; 
in part, perhaps, also to overcome the forces of attraction between 
the particles, assuming such forces to exist. 

The expansion exhibited by the majority of substances in 
melting may also be attributed to the increase of these external 
movements. 

In addition to the motion of the molecules we must also 
assamfi that the atoms constituting these molecules are likewise 
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in a state of motion, and this again wonld be altered 
application of heat. In monatomic molecules, consisting only of 
one atom, as, for instance, in the case of the molecule of gaseous 
mercnry, which has been proved to be monatomic by Kundt and 
Warburg, sach atomic movements will not oc 

§ 62, HomogeneonB Solid Bodies. — When similar moleci 
collect together to form a solid f^gregate, a solid body 
duced, which will have a structure determined entirely by the 
relative position of the particles. In the formless, or amorphous, 
condition the arrangement of the particles would be similar in 
each direction throughout the mass of the body, whilst in the 
case of crystals in certain directions it would be found to be 
different from others, and these differences are shown not only 
in the relation of the external boundaries of the crystals by 
plane surfaces, but al.so in any piece of crystal taken from any 
part of the interior. These differences are shown in the solidity, 
the hardness, the cleavage of the crystals in certain directions, 
the expansion by heat, the conduction of heat, the velocity and 
refraction of light, the colour of the same, and in some cases 
also in certain peculiar electrical phenomena produced by heat- 
ing or cooling. Such differences can only find their explanation 
in a different arrangement of the molecules. We may assume 
that the molecules are brought nearer together in one direction 
than they are in another ; but the reason for such an arrange- 
ment of the molecules must be sought for in the molecules 
themselves ; so we must assume that in these, certain directions 
are different from others, and that the particles arrange them- 
selves near one another, so that the directions or axes are parallel 
in all or are otherwise regularly arranged. 

All possible regularities with regard to the disposition of 
points in space have been geometrically investigated byLeonarf 
Sohncke, and their relations to the different systems of crystals 
established. The greater the symmetry of the distribution of 
such points, the simpler is the crystal system ; and in full accord 
with this it is found that substances of the simplest composition, 
as, for instance, the elements and the compounds composed of a 
few atoms, form, as a rule, crystals belonging to the regular anil 
.ems ; whereas molecules composed of many atoms — 
for instance, the majority of organic compounds— yield aggregates 
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whicli in a few casea cryatjillise with little or no evidence of 
symmetry. In amorphous stibatances the particles must be 
imagined aa arranged irregularly, for this is the only way in 
which the particles could be arranged so that in any finite mass 
all sections would be the same. In many of their properties, 
e.g. behaviour with polarised light, amorphous bodies resemble 
the substances crystallising in the regular system ; but this ia 
not the case for other properties, such as cohesion, hardness, 
and cleavage. 

^ 63. EeterogeneouB Solid Hfolecnlar Ag^egates. — A solid 
body may also be produced by the grouping together of different 
kinds of molemdes. Many substances crystallise with water of 
crystallisation ; still these compounds would appear rather to 
be homogeneous aggregates, for every molecule is united with a 
definite number of molecules of water, and the molecules so pro- 
duced are regularly gi-ouped into new and larger ones. A few 
only of tlie compounds containing water crystallise in the regular 
^stem : as, for instance, the alums, the twenty-four molecules of 
water being so arranged around the salt molecule as to produce 
an aggregate homogeneous in all directions. The so-called 
double salts are similarly constituted to the compounds contain- 
ing water of crystallisation, and these must be reckoned amongst 
the homogeneous aggregates, and also all other combinations 
produced in accordance with the laws of stcechiometry. 

The mixed crystals of iaomorphons bodies in which the oon- 
atitnents occur in varying and changing proportions must, on 
the other hand, be considered as heterogeneous aggregates. 
Thus, for example, the so-called vitriols, that is, the sulphates 
of magnesium, copper, zinc, iron, manganese, nickel, and cobalt, 
cryBtalliaing with water of crystallisation, may be crystallised 
together in any proportions, which is true also of other iso- 
oiorphoua substances. This crystallisation together takes place 
only when the compounds are of analogous constitution, and 
_ wlieiithe iaomorphons constituent is able to take up approxi- 
the same space. If thia condition is not exactly satis- 
then an angle of the crystal of one substance would 
altered to a greater or less extent by the entrance into 
of another body. For instance, calcspar (CaCOj) 
!s in rhombohedra, the angle being 105° 5', whereas 





108 OUTLnrES OF theoretical CHEMISTHT 

TDagnesite (MgCOj) crystalliBes in the same form, the angle of 
which is 107° 25', When both crystallise together in the form 
of dolomite the angle is 106° 15'. This difference in angle of 
these crystals arises from the fact that the quantity of calcium 
carbonate represented by its formula occupies a greater space 
than the quantity of magnesium carbonate represent-ed by its 
formula, and the increase of volume in consequence of this 
reaultB in an extension of the crystal along its chief axis. 

The expansion of the crystal by heat takes place chiefly in 
this same direction, and brings about also a reduction of the 
terminal angle of the crystal. 

In addition to these mixed crystals there are also amorphous 
heterogeneous aggregates, which are produced by the solidifi- 
cation of a mixture in a molten state. 

§. G4. Density of Solid Bodies. — Great variations are exhibited 
by the densities of solid bodies ; substances are known, e.g. 
certain metals, which are forty times as heavy as the lightest 
known solid, and more than twenty times as heavy as an equal 
bulk of water, with which liquid solids are usually compared. 
The apparent irregularities observed in the densities of various 
solids to a large extent disappear and certain regularities 
become apparent whan in the case of compounds the volumes 
occupied by their molecular weights or the sttechiometric quan- 
tities represented by their forraulte are considered, as has already 
been done in the case of the elements in §36. Investigations of this 
kind have been carried out by H, Kopp, H. Schroeder, and others. 

The inexactitude of the determinations, and also the doubts 
as to the temperature at which the determination should be made, 
have combined to retard the realisation of the laws to which 
these quantities are doubtless snbservient. 

The simplest way of looking at this problem is to compare 
the space occupied by a compound with that filled by the con- 
stituent elements in the free state. When this is done it is 
found, as a rule, that the volume of the compound is approxi- 
mately equal to the snm of the volumes of the constituent 

nents. 

According to the table in § 36, the volumes of zinc and 
sulphur are — 

V(Zn) +V(S) =9'l + 15-7 = 24-8. 




KOI^irUB VOLnMBB 
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The volume of the compound zinc sulphide formprf by the 
union of these elements is obtained by dividing the stcochio- 
metric quantity ZoS by the density of zinc sulphide (blende), 
thus: — 



4-05 



4'05 



Thna it is seen that the volnme of the compound is approxi- 
mately equal to that of the sum of the constituents. Other 
monosulphides show tlie sarae relation, as is exhibited in the 
follovring table, in which under the sign 1, the sum of the volumes 
of the constitneuts are given for the sake of comparison ; — 







z 


Differ. 


V(H> 
calculated 


y(M.S)=8J!;5 


= 21-7 


22'(i 


-0-9 


H,-8 


V (res, =^^ 


= 183 


22-9 


-3-6 


IM 


V (NiS) = ?5_o 


= li)7 


22-* 


-27 


130 


V(O.S)='^ 


= 22'9 


22-8 


+oa 


14-8 


V(i^nS)=gl 


= 24 


24-8 


-0-8 


11'9 


VfCdS)=l||' 


= 29'9 


28-e 


+ 1-3 


1?'0 


V(HgS) = 2|L? 


= 29'0 


29-8 


-08 


14-9 


V(S„S,=l|»j5 


= 30'2 


32-1 


-1-9 


138 


Y(PbS)=2-f|* 


= 31-8 


33-8 


-2-0 
M8»n 


137 
142 



The aRreement exhibited here is satisfactory, considering 
the difficulties surrounding the exact determination of the 
density. Consequently, no very great error would be made if 
the volumes of sulphur were calculated by subtracting from the 
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Toloine of each salphide the Tolome of the metal codi 
it, thus: — 

V (ZnS) - V (Zn) = 240 - 9-1 = 14-9 = V 

In this manner the ralnea under the heading V (S) in the above 
table have been obtained. The mean of these is 14-2 instead of 
15-7. This difference appears to indicate that the combination 
IB attended by a slight contraction. 

The marked anaiogy exhibited by the elements snlphnr 
and oxygen 13 sufficient to jnstify a calculation in a similar 
manner of the atomic volame of solid oxygen from the mole- 
cniar volnmes of the oxides. If this be done the following 
valnes are obtained, which agree fairly well with one another. 
In the following table in the first column are placed the 
stcechioraetric values ; under d in the second the density ; under 
V in the third the volume of the oxide is given, and in the 
fourth under V (R) the volume of the metal ; finally under V (0) 
the volume of oxygen, which is the difference between the two 
preceding sets of numbers. 
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d 


V V(H) V(0) 




■ MnO= 70-8 


5-4 


13-1 6-9 


6-2 1 


^ CoO = 74-6 


5-75 


12-4 6-9 


6-0 




NiO = 74-6 


6-4 


11-7 67 


5-0 




CoO = 7917 


6-4 


12-4 7-1 


5-3 




ZnO = 811 


5-7 


14-3 9-1 


5-2 




CdO = 127-7 


6-95 


18-3 12-9 


6-4 




SnO = 134-8 


6-3 


21-4 16-4 


60 


ft 


HgO = 215-8 


11-3 


19-1 14-1 


5-0 




PbO = 222-4 


9-4 


23-7 18-1 


5-6 


- 


Similar values may 


Ije obtained from the so-called sesqni- 




oxides BjOj. 












d 


V V(E,) 


V(0.) V{0) 




L Cp,0, = 152-8 


5-2 


29-0 15-4 


13-6 4-5 




■ Mn,0, = 157-5 


4-8 


32-7 13-8 


18-9 6-3 




■ Fe,0. = 169-6 


5-3 


30-1 14-4 


1.3-7 5-2 


■!n 


■ Co,0, = 1«61 


5-6 


29 5 13-8 


15-7 5-2 




■ lfi,0, = 165-1 


4-9 


3:17 13-4 


20-3 6-S 
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These results show the space filled by tlie three atoms of 

j'en to be nearly three times that occupied by one atom in 

e first series of oxides. 

The values obtained for the atomic volume of oxygen are 

pt always identical with those given in the above tables ; thus, 

lase of the oxides of the composition RjO, e.t/. Ag^O, 

lojO, HgjO, the space filled by the oxygen is much greater,. 

st it is much emaller in the oxides ROjj such as SnOj and 

a, e.g. 

V (Cu,0)-V (Gu,) = 24.'4- 14'2 = 107 = V (0) 

V (SoO,)-V (Sn) = 21-7-16-3 = 5'4 = V (0,) 

In cuprous oxide the atom of oxygen would appear to occupy 
twice the space occupied by it in cupric oxide. In stannic 
■oxide, on the other hand, the volume is only half as great. In 
the case of the compounds of the lighter metals still more re- 
markable relationships obtain. The production of the majority 
of these compounds is apparently attended by a considerable 
contraction ; so much so indeed is this the case that the volume 
iif the cooiponnd ia smaller than that of the constituent metal ; 

(, for example : — 

V (Na,0) = 22-1, V (Na,) = 47-4 

V (K,0) = 3o-5, V (K,) = 90-4 

V (MgO) = 12-5, V (Mg) = 13-9 

It is needless to remark that in these and similar cases the 
pethod of interpretation employed in the case of the oxides 
innot be used. Still some regularities amongst these corn- 
do become evident when a comparison is instituted 
jetween the volumes of analogous compounds of elements 
jelonging to the same natural family or elements following one 
another in the periodic system. Still such relational! ips, despite 
the energy expended in their investigation, are at the present 
time but ill understood. 

Of necessity the space filled by a solid body is not constant. 
Alterations in preaanre, and more especially of temperature, 
affect this to a greater or less degree. When heat is applied to 
a solid body the volume increases. The expansion in the case 
of crystalline solids, save those crystallising in the regular' 
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system, is different in different directions ; in fact, it appears 
probable that an expansion in one direction is accompanied by 
a contraction in another. 

§ 65. Fation and Bolidiflcation. — When heat is applied to a 
solid body, provided no chemical change is produced, then sooner 
or lat«r the coherence of the particles is bo far reduced that the 
solid melts ; the individual particles are then able to move freely 
aronnd one another, but still their coherence has not been com- 
]>letely overcome. 

In many instances other changes of solidity precede the 
liquefaction, vrhilat in others, as soon as a definite temperature, 
the melting point, is attained the solids suddenly and completely 
liquefy. Others again soften or become pasty before melting, 
passing, in fact, through a state intermediate between the solid 
and the liquid. In this plastic condition particles can be welded 
together by pressure, as is the case with metals like iron and 
platinum. Some metals and some of the semi-metala, enoh as 
zinc, bismuth, and tellurium, before melting become brittle at a 
certain temperature, whilst at other temperatui-es they are malle- 
able and ductile, and can then be either rolled into sheets or 
drawn into wire. 

The change in the state of aggregation is associated with 
a greater or lesser absorption of heat. When the temperature 
of a solid is very much below its melting point, a definite 
amount of heat is required to produce a certain rise in tempera- 
ture for each part by weight of the substance, and this is ap-, 
proximately the same for every degree of temperature, 
amount of heat so required is styled ' the specific heat.' When 
the body begins to soitea under the application of heat, the 
amount of heat required to produce a given rise in temperature 
increaaee more and more, until when the body melts the 
amount of heat absorbed is considerable, and is no longer 
perceptible as such, becoming, in fact, latent heat. The heat so 
absorbed serves in all probability to give an accelerated motion 
to the particles, and being thus converted into motion is no 
longer perceptible as heat. The fusion proceeds only in propor- 
tion as the heat is applied, and as this serves only for melting, 
the temperature remains stationary until the whole mass is fused. 
On the other hand, when a molten mass gives up the heat to 



MELTINa POINTS OF THE ELBMKNTS U3 

■ouuding objects its temperature is not necessarily lowered 
l)elow the melting point, for the part solidifying will give out 
its latent heat of fusion. Nor is it until the whole lias solidified 
that the temperature begins to sink. A molten body may, how- 
ever, be frequently cooled below its melting point without solidify- 
ing'. In this state of superfneion the particles are in a condition 
of unstable equilibrium, such that the slightest change suffices to 
bring about solidification. This solidification is more easily pro- 
duced by contact with the minutest fraction of the solid itself. 
At the moment of solidification the temperature rises to that of 
the melting point but no further : this rise in temperature is 
produced by the liberation of the latent heat. This acceleration 
in the rate of motion of the particles, corresponds to considerable 
increase in volume, which, as a rule, appears to take place 
suddenly on fusion or in part during the softening, this increase 
amounting in some cases to 12 or more per cent, of the volume 
of the solid. Yet in the case of some substances, especially 
water, cast iron, bismuth, and some of its compounds and alloys, 
and perhaps also in the case of other metals, contraction is 
known to attend the fusion, which can perhaps be explained as 
arising from an altered arrangement of the atoms in the molecules. 
In water this contraction amounts to nearly 10 per cent, of the 
volume. The change in the state of aggregation produced by 
pressure depends npon whether fusion be attended by an ex- 
pansion or contraction, and in such a way that by sufficiently 
great pressure that condition is produced in which the material 
fills the smallest space. Ice can be liquefied by pressure, whilst 
by its aid the majority of other solid substances can be retained 
in the solid state at temperatures much above their melting 
points. 

5 6ti. Helting Points of the Elementa. — ^The temperatures at 

which different substances melt are specific and characteristic for 

each, and serve, therefore, as important aids for their identificar- 

tiou. In §36 it has already been mentioned that the fusibility 

of the elements is a periodic function of their atomic weights. 

This relationship, so far as it has been in any way asoeitained, is 

I exhibited in the following table. The melting points of many 

^B^ements are still unknown, because the temperature at which 

^^bey melt is either too high or too low to be accurately det«r- 
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mined ; in some other cases the rarity of the element or th^ 
difficulties suiroimding its isolation have prevented the exact 
determination. In the following table the abbreviations used 
are : a = approximation, '' = above, c = very low, d = very high, 
e = not melted, )-/t = red heat, di'/[ = dull red heat, ?/rA = bright 
red heat, it- /i = white heat. 
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The elements are arranged in the horizontal linea in the 
order of their atomic weights. With these the melting point 
rises suddenly and falls suddenly ; the minima of the melting' 
points are printed in italics, the maxima in block print. 

The periods of fusibility do not coincide with those of other 
physical properties — in fact, are less regular than these, but are 
nearly related, as has already been shown in § 36, to those of 
the atomic volumes. 

It is remartable that in every family the members of one 
group are difficultly fusible, whilst those of the other are easily 
fusible ; e.fj. lithium, sodium, potassium, rubidium, ciesium are 
easily fusible, whilst copper, silver, and gold melt at high tem- 
peratures, and similar relationships are found to exist in otber 
families. In separate groups the melting point changes with the 
atomic weight, but not in the same manner. In some families 
the melting point falls with increase in atomic weight, thus :— 
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Li 180° Na 96% K 63°, Rb 39°, Oa 26°, 
Zn433°, Cd321°, Hg-39°; 

I others, again, it risea with increase in atomic weight ; for 
ttample : — 

Ga30°, Iiil76°, T1291% 

a-105°,Br-7°, 1+114°; 

whilst in some familiea it rises at first to fall again, or falls first 
and then rises. 

§ 67. Selting Points of Compoonda. — In the melting points 
of compounds we have similar differences to those exhibited by 
the elements. By the introduction into a compound of certain 
elements the fusibility is in some cases raised, in otber cases 
^lowered. The oxides of metals, e.g., are much more difficultly 
Ebsible than the metals themselves ; the majority of the oxides of 
phe non-metals are more easily fusible than the elements ; in 

e and the same group of elements these changes are, as a rule, 
tbond to be of the same character, but even in this case also tlitre 
!kre exceptions. Whilst, for example, tiie infusible element 
carbon yields an oxide (CO^) which melts at —60°, the corre- 
sponding oxide (SiO.j) of the difficultly fusible silicon is almost 
as difficultly fusible as the element itself. I'luorides, chlorides, 
bromides, iodides, melt, as a rule, much more easily than the 
oxides, and usually the iodide of an element is more easily fusible 
than the bromide, and this than the chloride, whilst the fluoride 

s the highest melting point. Thus, for example, the melting 
Mints of halogen compounds of the alkali metals are, according 
D Camelley, as follows : — 
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The melting point falls, therefore, with increased atomic weight 
of the halogen, and similar relationships are to be found in other 
families of the elements. 

Many similar regularities are to be found amongst organic 
compounds; still our knowledge of the general laws in thiaj 
province is much less extensive than might be imagined fromB 
the thousands of melting-point determinations which have been 4 
made. 

It is, however, t« be observed that in many cases the repeated 
introduction of a given atom or a group of atoms in an organic 
compound is accompanied by alternate raising and lowering of 
fusibility. This is the case, as was first shown by Baeyer, in the 
normal primary fatty acids of the general formula G„Hj„Oj. 
In these compounds the atom linkage is represented as follows : 

HO— CO— CHj— . . . CH,— CHj— H 

in accordance with which, the several members of the series 
differ from one another only in the number of CHj, gronpa 
introduced between the carboxyl group, COOH, and hydrogen. 
The relationships are shown in the following table : — I 
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From the above it is seen that the first introduction of the group 
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fOHj between the carboxyl and liydrogen raises the melting 
point, whereas the introduction of the second group lowers the 
melting point ; consequently those members in this series of 
acids which contain an uneveti niiiiiber of carbon atoms melt at 
a lower temperature than either of their neighbours containing 
an even number of carbon atoms. As the molecular weight 
increases this difference gradually disappears. The melting 
wint of the dibasic acids of the formula, 

C„Hj„^jO, = HO— CO— (CH,)„ CO— OH, 

■consisting of oxalic, malonic, and succinic acids, &c,, exhibit 
\ eimilar relationships. 

The melting points of many hydro-carbons, e.g. of benzene, 
8 shown by Jungfleisch, ia alternately raised and lowered by the 
I replacement of the hydrogen by chlorine. 




,, it is only when the chief products of the action of chlorine 
bpon benzene are compared with one another that such regu- 
larities are observed. In addition to these, several isomeric 
compounds are formed, but in much smaller quantities, and 
these again have different melting points. In fact, it is found 
■ that the melting point of a compound is influenced by the posi- 
[■■tious which the chlorine atoms occupy relatively to one another. 
r As a general rule, it may be stated that of the three isomeric 
di-substitution products which may be obtained by replacing 
two atoms of hydrogen in benzene by two other atoms or 
radicals, the para- compound has a melting point much higher 
than the ortho- and the meta-. Which of the latter has the 
higher melting point depends upon the nature of the atom or 
radical replacing the hydrogen. If one of these is the carboxyl 
group, COOH, then the meta- compound has a higher melting 
point than the ortho-, otherwise the ortho- compound will melt at 
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the higher temperature. Still these rales are not without a 
ceptiona ; in the presence of the nitro- group, NO,, it 8ometim« 
happens that the ortho- is more easily fusible than the meta-, and 
in some cases the reverse obtains. The following examples will 
serve to illastrate these points : — 



When a third atom of hydragen in benzene is reptacedi 
then the melting point is altered still more ; as a rule, tJiB 
melting point of a para- compound is lowered, and indeed often 
very considerably ; whilst those of the other isomeric di-substito- 
tion products are raised. Still, even in this case the change ui 
the melting point is determined, not only by the nature of the 
replacing radical, but also by their relative positions. In the 
moat symmetrical arrangements of these several groups in the 
position 1.3,5 (vi(h 5 54) the melting point is found to attain 

§ 68. Helting Points of Mixtures. — Heterogeneous solid 
bodies melt either in such a way that only one portion is liqui 
fied, whilst the other rejnains solid or all the several constitn- 
ents become liquid simultaneously. In the last case the fusion 
always takes place at a fixed temperature, which may be below 
the melting point of the most difficultly fusible constituent, and 
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s frequently found to be lower than the melting point of the 
■ most eaaily fusible component. In this we have au explanation 
■of the observationB bo frequently joade in laboratory practice 
that even very small impurities suffice to effect a considerable 
reduction in the melting point of a substance. Such a mixture 
■can frequently be distinguished from a pure homogeneous sub- 
stance by the fact that the temperature does not remain stationary 
during the fusion. As a rule, the constituent with a lower melt- 
ing point melts first, and with it only a part of the liigher melt- 
ing constituent, the remainder of the latter continuing in the 
solid state, and not melting until a higher temperature has 
been reached. If one were to separate the liquid portion 
from the solid before this had occurred, then each ^xirtion when 
separately examined would be found to possess a higher melting 
point, because it contains a smaller portion of impurity. An 
excellent method for the purification of solids is baaed upon this 
difference. 

§ 60. HomogeneouB LiqaidB, CoheBion, Capillarity, Friction. 
As has ali-eady been pointed out in ^ (50, the liquid state of aggre- 
gation is distinguished by the fact that the particles, although 
lield together, can move easily over one another. In conse- 
quence of this, liquids under the influence of the force of gravity 
assume the fonn of the vessel containing them ; whilst the 
surface assumes a direction perpendicular to the line of the 
action of gravity, provided that other forcea^e.y. the centrifugal 
force — do not tend to change this position. The space occupied 
by a liquid can only be reduced to a very small extent by great 
pressure ; liquids are therefore only slightly compressible fluids. 

The mobility of the particles is very difl'erent in different 
liquids. On the one hand we have liquids possessing a so-called 
iiympy consistence ; on the other hand, those possessing a mobility 
approaching very nearly to that characteristic of gases. The 
resistance which they offer to movement is what is usually 
styled the internal friction or the viscosity of the liquids. This 
property may be determined fram the velocity with which the 
liquid flows through a narrow tube (transpiration according to 
Graham), or by the retardation, wliich a body rotating round its 
periences when set in motion in such liquids. The fric- 
iependent upon the nature and the composition of the 
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liquid; still, too little b known of the connection 

these properties to allow of any gt-neml statement bein^ made. 

Nor is our knowledge of the manner in which the particles 
of a liquid are held together in a much more advanced state, tie 
cohesion of liqaids. which is especially exhibited in the phenomena 
of capillarity, i.e. the manner in which liquids rise in rery 
narrow tubes, the walls of which are moistened by them, and is 
likewise shown in the formation of drops. The weight or 
volume of the liquid raised by capillarity is dependent upon the 
chemical nature and composition of the liquid ; still, of this 
inter-dependence so little is known that it would not be ad- 
visable to disciit;s it further. 

§ 70. Density of Liquids. — The subject of the density or the 
specific gravity of liquids, ('.e. the weight of a unit volume, is 
one which has been exhaostivety investigated. Usually, how- 
ever, it is not the density, but rather its reciprocal, the so-called 
specific volume— that is, the volume of the unit of weight — whicli 
is dealt with in these investigations. The product of thes- 
into the atomic weight^-- of elements and into the moleculi 
weights of compounds gives the atomic and molecular volntnes. 
Relatiousliips have been recognised amongst these values simi 
to those found to obtain in the case of solids. As the majority' 
of elements are only to be obtained in the liquid state, at eithw 
inconveniently low or high temperatures, their atomic volinnea 
in the liquid state have been but little studied. 

Inasmuch as for an equal rise in temperature liquids expand 
much more easily than solids, it is of much importance in thfr' 
case of liquids that comi>arisons should be instituted at corre- 
eponding temperatures. Hermann Kopp proposed that this 
comparison should in the case of liquids be made at a tempera- 
ture at which their vapour pressures are the same, viz. at Ibe 
boiling point under the same pressure. The pressure usually 
taken as normal is the mean atmospheric pressure, viz. 760 
millimetres, although in the light of the more recent investiga- 
tions it would appear more desirable to choose a much smaller 
pressure. But even the molecular volumes of compounds com- 
pared at their boiling points under the atmospheric pressiire, 
more especially those of organic compounds, exhibit numerous 
relationships, which, although they cannot be regarded as fixed 
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Inaturnl laws, iiitiv ut imy rute be takeu to reiiresenh approxinia- 
B-tioOB to Biicli laws. 

W Thi:' fuQclimifntjil law of atomic volumes is that every atom 
Pin a compound uf- its boiling point occupies a given apace which 
■iB chiefly detamiined by its nature, and only to a limited extent 
Why the manner in which it is combined; so that the voluniea 
■occupied by the molecular weights of different coni[H)und3 may 
■be taken to be represented by the sum of the volumeci of all tlie 
Bfetoma containecl in them. 

■ Thus if V be this volume, then in the case of alcohol we have 
HBie following : — 

I V(C,H,0) = 2V(C) + C;V(I1) + 1V(0); 

■bad similarly in other compounds. 

B The unit of volume in tliia case is the space which the unit 
fVeight of water at its maximum density occupies, and the unit 
of weight the weight of an atom of hydrogen. The value of this 
Utter nnit is unknown, hut that does not signify, as in this case 
it is, )>3 in all di^terminations of density, only a question of 
elative values, in fact, the same values for the molecular 
rolumeaareobtainedif, instead of an atom, one gramme ofhydro- 
] is taken as the unit of weight and one cubic centimetre as 
^e unit of volimie. 

Expressed in these terms, according to Kopp's determination b, 
iie volumes of the atoms of the following elements in their com- 
mnds at their boiling points would be approximately the 
lOomng: — 

V(H) = 5-5, V(C) = 11, V(0) = 7-8. 

Accordingly in the case of alcohol, already cited, the following 
ftlue must be obtained : — 

2V(C) + GV(11)+1V(0) = 22 + 38 + 7-8 = 62-8; 
whilst the actual determination at the boiling point 78° C. ahowti 
the molecular volume of alcohol to be C2'2. 

From Kopp's law it follows, then, that a fixed difference in 
the composition must always be associated with a Bimilardifl'ei-cnce 
in the. molecular volumes; thus, for example, the diifereiice GH, 
in 6 homologous series of compounds must give rise to a difler- 
cDce in volume. This diflference in volume for every addition 
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of CH, has been fotind to be 2'2 ; and eimilar differeni 
will be foand in other cases. The correspondence between 
calcalated and the observed valnea is, however, only approximate ; 
thaa, e.g., for the first five members of the series of alcohols 
C„H}H,jO the following valnes hare been obtained 
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The deviations from this fundamental rule may in many cases 
be attiibuted to differences in the mode of linkage of the atoms. 

Thus, for instance, two polyt'alent atoms occupy less space when 
united to each other by single affinities than when two or more 
combining nnits are used for their mutual combination. Thos 
the following relations are fonnd to hold :— 

\-(_0— C^ < V(0=C=) 

V(— S— C^< V(S=C=) 

V(=N— C^ < V(N^C-) 

V(=C— C^ < V(=C=C=) &c. 
This and similar relationships have been frequently used in 
the investigation of atomic linkage ; still, it mnst be remem- 
bered that conclusions drawn from snch observations are always 
more or less uncertain, as there are many deviations from this 
rule which cannot be explained as due to variations in the mode 
of union of the atoms. In the meantime investigations of 
this kind are being steadily carried on. It has, for instance, 
been shown that when an atom of chlorine or of bromine 
replaces an atom of hydrogen in ot^anic compounds, the space 
occupied by the atom of the halogen element is dependent 
upon the position it occupies, being greater when attached to 
■one atom than when combined with another. In the case of 
benzene substitution products, the radicals replacing hydrogen 
in this hydrocarbon have a greater volunie when they occupy the 
para- position than in the meta-, and in the meta- position a 
greater volume than in the ortho- position. All such results are 
of great importance as contributing to our knowledge of the 
properties of matter. 
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§ 71. ExpaiLBion by Heat. — Theyolumeof a liquid varies with 
the temperature, and as a rule the alterations produced by giveu 
changeB of temperature are greater in the caee of liquids than for 
solids. Usually the volume increases with rise in temperature, 
and this expanaion becoraea greater and greater as the tempera^ 
ture rises. It is only in the neighbourhood of the solidifying 
point that some liquids, notably water (§ 65), are found to con- 
tract in volume as their temperature ia raised. 

Van der Waals has theoretically deduced the law which con- 
trols the expansion of liquids by heat, and has demonstrated the 
truth of the law by a comparison of the deductions made from 
it with the results of observation. For such comparisons a know- 
ledge of the critical temperature of a liquid is required, which 
still remains unknown for the majority of those liquids the co- 
efGcieuts of expansion of which have already been determined. 

The expansion of a liquid ia attended by a consideTable 
absorption of heat, which with one and the same substance is, for 
an equal interval of temperature, greater wlien in the liquid 
state than when in the solid condition. The heat capacity or the 
specific heat of a given substance is greater in the liquid state 
than in the solid, often twice us great, and is even greater in 
the liquid than in the gaseous state. 

By multiplying the specific heat into the molecular weight 
the Bo-called molecular heat is obtained, which in the case of 
homologous organic compounds changes with tolerable regularity. 

§ 72. Kefraction of Light by Liquids. — The refraction of 
light by liquids baa been very completely investigated. It has 
been found to be dependent upon the nature and the amount of 
the elements contained in the liquids, as also upon the manner 
of their union with one anotlier. This interdependence has 
been specially studied and demonstrated for the compounds of 
carbon, the organic compounds, and for many others also. 

If Jibe taken to represent the refractive index of a liquid, and 
d its density, tljen it can be shown theoretically that the quotient ' 



' Until recently the aimpler exprcsBio 
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ni ployed t 



lie specific refractive index, instead of the eipreasion deduced by H. A. Lorentz 
id L. Iioranz. The simpler ciptCBsioo, which was arrived at empirically, 
qilaJDS Batisfactorily the majority of observed facts, but is not, according to 
■Btisfactar; in aome cases. 
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which is known as the specific refractive power, ia practic 
unaffected bj' temperature ; a conclusion which has beei 
atantiated by actual obsen-ation. With the aid of this expi 
sion one may, as has been shown by Gladstone and Bale, 
Landolt and his pupils, represent the specific refractive powej 
a liquid as made up of the sum of the refractive powers of ila 
constituents. If the weight P of the liquid contains p,, ^i,, p^, 
Sec. weights of the constituents, then the following relation will 
obtain, in which N and D represent the refractive index and 
density of the liquid, and ti„ n^, n^, d^, d„ and rf, are the refrac- 
tive indices and densities respectively of the constituents :- 



N»- 



-1 

f2K 



P. H 



y-i 
(V+2K' 



(H-' + 2)d, 



■Pi-^ 



Landolt's investigations have shown that this expreeuoD 
applies equally to mechanical mixtures as well as to chemical 
compounds. 

If, therefore, P be the molecular weight, M, made up of 
atoms of A,, of y atoms of A,, &c. then, since 






it follows that 



P: 



M = 



xA^ + ijAj + zA^-i-. 



(N»+2)"D' 



Or that the molecular refractive power or the molecular refraction 
of a compound is the sum of the refraction equivalents of its 
conatifuents. The refraction equivalent of the elements, which 
is here represented by the expression 
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Ktaay, in the cases in which these values are known, be calculated 
Hi'froni the refractive index n, the density it, and the atomic 
■ weight A. It is, however, more convenient to deduce these 
H'valDes from tie observed moleciihir refraction of compounds, 
ft-which differ in composition by a definite number of atoms of 
B-'One or other of the elements. Calculations of this kind have 
P been carried out in numerous instances, and are based upon 
data supplied by a very extensive series of observations. 

Since light of different colours ia refracted differently, the 
index of refraction, n, must vary with the colour; consequently 
observations made with light of different colours yield different 
refrat'tion equivalents for one and the same substance. Inas- 
much as up to the present no formula has been discovered which 
enables one to eliminate satisfactorily this influence of colour, 
the index of refraction is determined for light of a fixed colour. 
For instance, that corresponding to Fraunhofer's line C: in the 
sun's spectrum is frequently used for this purpose, and this ia 
identical with the red line in the hydrogen spark spectrum. 
For this coloured light Landolt found the follon-ing to represent 
the molecular refractions (Mrf) of the compounds in the two 
following tables, each of which consists of a series of compounds 
liiffering from one another by constant difference (CH,) : — 
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A difference in composition of one atom of carbon and twc 

atoms of hydrogen is seen from tlie above to produce a difference 

of 4'5(3 in the molecukr refraction. Similarly, the effect on tb^ 

molecular refraction may be determined for other differences ii* 

composition, and from such results the refraction equivalents ofl 

individual elements may be calculated. The following representz 

the refraction equivalents of some of the commoner elements, fo^ 

the Fraunhofer line C, or the line a in the hydrogen spectrum. 

Refraction Equivalent 

Carbon G 248 

Hydrogen H 104 

Oxygen 1-58 

Chlorine CI 6'02 

Bromine Br I8-9S 

Iodine I 3-99 

Nitrogen N 3-02 

By the aid of such numbers the molecular refraction 

compound like ethyl alcohol, for instance, may be calculated, thus r:^^ 

OjHgO = 2 X 2-48 + 6 X 1-04 + 1 X 1-58 = 12-78. 

The observed refraction for ethyl alcohol is 12-71. Similarly, -^^ 
the moleculiir refractions of other compounds may be calculated. — 
§ 73. Influence of Atom-linkage on Be&action. — Such agree- - — 
ment between the observed and Ciilculated results does not -—^ 
obtain in all caass; as, for iiiBtance, in the following we have 
Aldehyde, C,H,0, Mrf = 2 x 2-48+4 x 1-04 + 1 x 1>58 

= 10-70 (observed 11-50). 
Acetic acid, CJl^Oa. Mrf = 2 x 2-48 + 4 x 1-04 + 2 x 1-58 

= 12-28 (observed 12-93). 

Valerianic acid, C,H|„0„ Mrf = 5 x 2'48+ lOx 1-04 + 2 x I'SE 

= 25-96 (observed 26-72). 

In each of tlu-se tliree instances the experimental values ar^^ 
greater than the calculated, and the difference is very nearl^^ 
the same in each case, thus : — 

11-60-10-7 =0-8 ; 12-93-12-28 = 0*65 ; 
26-72 — 25-96 = 0-70. 

The molecular refractions of acids, aldehydt 
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1 salts, and those compounds derived from thein are 
found to be greater than the calcnlated values, and in these 
compounds it is assamed for several reasons that they contain 
an atom of oxygen united to an atom of carbon by both its 
affinities. If it be assumed that the refraction equivalent .of 
oxygen when so combined is 234, that is, 0-76 greater than its 
refraction equivalent in the alcohols and other similar com- 
ponnds, then we obtain calculated results exhilriting n gatisfao- 
tory agreement with the results of observation. 

Investigations undertaken at the suggestion of Landolt by 
J, Briihl have shoivn that the so-called unsaturated carbon com- 
pounds, viz. such compounds as combine directly with chlorine, 
bromine, or even hydrogen, possess a molecular refraction 
greater than those obtained by calculation. From the numerous 
cases investigated it is found that a satisfactory agreement 
between the calculated and observed results is obtained when 
to the calculated molecular refraction 1'79 is added, for every 
pair of carbon atoms united by double combining units, ami 
r97 must be added for every pair of carbon atoms united by 
three combining nnits. 

After these rules had been astablished chemists sought by 
their aid to determine the mode of atomic linkage in various 
organic compounds, and more especially to fix the number of 
the groups of carbon atoms united by two or three combining 
units. It has thus been shown to be extremely probable that 
in benzene, toluene, and analogous hydrocarbons there an" 
three pairs of carbon atoms united by two combining units, as 
is required to satisfy Kekul^'s constitutional formula (§ 61) : — 

L en 

^^^^ HC CH 

CH 
The molecular refraction of benzene and its derivatives has 
been found to be aboutfive units greater than the sum, S, of the 
refraction equivalents of the elements contained in them, as wilt 
be seen from the following examples :— 







MobHUlU 


dum 


« — a 






BtCiMion 


3 


i 


Benwne 


; c^. 


36-93 


21-12 


4-8l-3.I-«0 B 


Tolnene . 


cX 


30-79 


2S-68 




Kesityleiw . 


C^„ 


40-33 


34-8 




Phenol. 


C,H.O 


S7-8S 


22-70 


5^>5=>3xlt8 ,1 


Benijl AlccAol 




3223 


27-36 


4-9T-3XI-M 1 



Thia and Bimilar applications have combined fo make Uie 
molecular refraction a very important aid in the investigation of ' 
thn mode of link^e of the atoms in different compounds. 

§ 71. Interaction of Liqnidi with other Substances. WettiBg, 
and Imbibition,^If a liquid be brought into contact with another 
liquid or with a solid body upon which it has no chemical action, 
the change resulting from this contact will depend upon tha 
material composition of both, and determined by this, mixing, » 
disBolution, or mere contact will result. Liquids which do nab 
mi;t with one another will arrange themselves in accordance 
with their specific gravities, liquids of equal densities forming 
spherical drops in the mass of the other. 

If one of the immiscible substances is a liquid and the othec 
a solid, then one of two sets of phenomena will be produced • 
either the liquid wets or moistens the solid, and in that case we 
have the phenomenon of capillar)' attraction and the liqnid ia 
raised in the solid, or the liquid does not wet the solid, then at 
the point of contact a depression of the liquid surface is produced. 
Thus, as ia well known, water, spirits of wine, oils, and many 
other liquids rise on the surfaces of glass, whilst mercury is dfr- 
jireased by glass, just as the surface of water is depressed by 
contact with fat. In such cases the nature of the solid body 
ia of importance only so far as it determines whether it ia 
moistened or not by the liqnid ; in other respects the capillary 
r depression is dependent upon the nature of the liquid 

e is a class of solids which possess the remarkable pn^ 
f absorbing liquids, by which they are moistened, with- 
out dissolving in these same liquids. 

This absorption of liquids is usually accompanied by a con- 
siderable increase in the volume of the solid, and is described as 
' Gelatinisation ' or ' Imbibition.' Cellulose, starch, glue, coagn- 
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nd albumen, and many other substances swell np when brought 
into contact with water, and eaoiit<:houc behaves similarly when 
noistened by ether. To those substances which exhibit this 
phenomenon is ascribed a large molecular weight and an atom- 
inkage of auch a character that the atoms form a species of net- 
work into the spaces between which the smaller molecules of 
iquids are able to penetrate without destroying the network. It 
8 worthy of remark that frequently phenomena such as diHiisioii 
■§ 80} can proceed in the interior of the absorbed hquid as well 
IS in that portion which has not been so taken up. This power 
>f absorption is very different for different substances ; whilst 
n many cases the volume of a solid is considerably increased 
iuring the process of imbibition, in some cases the increase is 
scarcely perceptible. We are acquainted with all the inter- 
nediate stages exhibited by this class of bodies, and by substances 
luch as burnt clay, hydrophane, &c. which, possessing a visibly 
jorous structure, take up liquids into their pores, which serve 
iimply to wet the interior of the pores. 

§ 75. Heterogeneous UixtureB of Liquids. Solutions. — Many 
lubstances are able to form fluid mixtures with other bodies. 
5uch mixtures are usually styled ' solutions ' or ' dissolutions,' one 
mnstituenit being distinguished as the solvent, the other as the 
iissolved substance. Such distinctions are entirely arbitrary 
ind have no scientific import. 

Fluid mixtures may be produced in the following ways : — 

(1) By solid bodies alone. 

(2) By solids and liquids. 

(3) By liquids alone. 

(4) By liquids and gaseous bodies. 

(5) By gases alone, 

(6) By gases and solids. 

The states of aggregation of the constituents of such liquids 
jnly affect the nature and properties of the mixture so far as 
;he constitoents assume these conditions or states on separating 
mt from the mixture. So long as they exist in the mixture, 
;hey must be regarded as liquids. 

The quantities of the constituents in such a fluid mixture or 
■olution are either quite unlimited, the mixing taking place 
indefinitely in any proportions, or the proportions are so limited 
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that the fidmixture takes place only within certain limito, bey(m^«3 
which it is not poasibie to pass. 

The first of these cases is represented by liquids snch a-^s 
water and alcohol, ethyl alcohol and methyl alcohol, or wate:^^ 
and glycerol, which mix with one another in every proportion. 

In those cases in which such mixing or solution tabes plac^^» 
only within certain limits the maximum amount of one of th^^3 

substances which is taken up by a definite proportion of the other. . 

say 100 or 1000 parts by weight of this substance, is styled th^^3 
' solubility ' of the first in the second. When both substance^^s 
are liquids, then the proportion of one of these may be 
from zero to a certain fixed limit, but this latter cancot be ex- 
ceeded. If more than this amount be added, then it remains in 
the liquid state and separates from the rest ; it can, on its part, 
however, take up some of the other constituent. According to 
Schancke, water at 20° C. can take up 0'075 of its weight oP 
ether, whilst this latter may take up as much as 0'027 of its 
weight of water. Mixt.ures of ether and water, therefore, can 
only be obtained containing from to 7 or from 97 to 100 parts 
by weight of ether in 100 parts of the mixfare. Consequently 
at 20° C. mixtures of ether and water can only be produced 
containing less than 7 or more than 97 parts by weight of 
ether. 

When one of the bodies is a liquid and the other a solid, then, 
whilst the proportion of the former maybe raised indefinitely, 
that of the latter is fixed within a certain maximum limit, any 
excess above this amount remaining undissolved and genei-ally in 
the solid state, though in some CBses, as with phenol and water, 
.in a fluid condition. Solutions which are incapable of dissolving 
any more of the solid are said to be ' saturated.' 

When both constituents are solids, but the mixture formed 
by them a liquid, then, as in the caae of salt and ice, there is 
for both of the constituents of the solution an upper and lower 
limit; neither of these limits must be exceeded if the mixture is 
to remain liquid. 

§ 76. Effect of Heat on Solubility. — The dissolution and 
also the eolnbiiity of difi'erent bodies are considerably affected by 
heat, the effects being analogous to those produced on simple 
unmixed substances. With such simple bodies an increase of 
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Ifllumo is associated with nn abaorption of hent : a reduction in 
Tolurae, with a loss of heat; so also, as a rule, in the admix- 
"ture of liquids, a contraction is attended by au evolution of heat, 
which may be, and often is, considerable. 

The changes in aggregation aaaociated with dissolution are 
ftlso frequently accoropauied by considerable thermal diatnrb- 
ices. 

Just aa when a solid body ia melted, heat is rendered latent, 
BO also there is a reduction in temperature attending the disso- 
lotion of a solid. The reduction in temperature is especially 
IgTAat when both the bodies passing into solution are solids. 
Ejus, by mixing salt and ice in suitable proportions, the tem- 
perature of the mass can be loweri'd by 20° C. The heat so 
disappearing or becoming 'latent' is used in the conversion 
of the solid into the liquid state. Many substances first combine 
chemically with a portion of the solvent, and tlie compound so 
produced is then dissolved. Thus, for instance, anhydrous 
calcium chloride when brought into contact with water combines 
with the latter with production of heat tt> form the crystal Usable 
compound CaOl^GHjO, which dissolves in water with a con- 
siderable absorption of heat. For the production of cold, 
therefore, hydrated, and not aniiydrous, aubatances are beat 
adapted. 

The limits of solubility are extended by changes of tempera- 
ture, and in the majority of cases a rise in temperature increases 
the solubility. Still there are exceptions to this rule, and more 
especially in the case "f liquids. Thus, for example, ether Im 
less soluble in warm water than in cold, and con scqut'ntly a cold 
saturated solution of ether in water becomes turbid when heated, 
owing to the separation of ether from the water. 

According to Alexejetf, in the case of aniline and water the 
mutual stilubility of each is increased by rise in temperature. 
At low tetiiperaturea solutions can be obtained containing only 
but little water and very little aniline. As the temperaturi* 
rises their solubility in each other increases, so that at 1G7° C. 
these substances may be mi.ted with each other in any propor- 
tion. 

tA reduction in the solubility with riae in temperatare has 
n observed only in the case of a few solids, and in these cases 
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tlie snhKtanixR undergo a change in their chemical o 

aa, (or instance, they may lose their water of crjetaShaiioa 4 

totae other Bimilar change may take place. "Die ^^ree i 

solubility is, aH a mle, very considerably increased by a i~ 

in temperatnre ; in some cases, however, the altenUioQ is 1 

slight. 

In oonseqaence of this marked increase of solnbiUty, a 1 
(latiirated eoiotioii when cooled must deposit a portioa of t 
disMoIred sabstance. This as a matter of fact does take pla 
accompanied by an evolution of the latent heat, which 1 
disappeared in the dissolution. In the separation of solii 
from their hot saturated solntions we have an excellent men 
for purifying many substances; for, when the solntion : 
Katurated with one subatance and not with the imporitv. thffl 
the first of these alone separates out. unless there i 
conditions which may cause the deposition of the impurity. 

5 77. Cryitallination. Snpersaturation. — A hot saturated 
solution may, when suitably protected from external influence 
retain on cooling an excess of the dissolved substance, just i 
a fused substance may, if carefully cooled below its melting poin 
Btill be maintained in the liquid state (§ 65). Such solutioiul 
are described as ' supersaturated,' just as simple substances arel 
said to be ' superfusetl.' These states of supersat oration and of 
Buperfusion are no doubt determined, more especially of crystals, 
by the circumstance that a certain impetus is needed for the for- 
mation of solid aggregates, ivithout which they are not formed. ' 
Mechanical disturbance, such as shaking or contact with a solid, 1 
may bring about solidification ; a particle of a crystal of the solid 1 
itself or of an isomorphous body is most effective in causing the I 
separation of a solid from a supersaturated solution, or ths 1 
solidification of a superfused liquid, Tlie crystal acts on the 
particles surrounding it, in such a manner that by arranging 
themselves nixjund it, and then by becoming attached to the 
crystal, they cause it to grow. It is not infrequent to obtain solu- 
tions which can only be induced to crystallise by making use of 
these facta. Crystals when introduced into supersaturated solu- 
tions, as a rule, only cause the separation of substances of the 
same composition as themselves, so that the solution may remain 
supersatui'afed for another solid. This does not obtain when 




FREEZING P0IBT3 OF SOLUTIONS 183 

l^e Bubstances in solution ill's iaomorphous, for tbeo the intro- 
Bnctioii into the aolutioo of a crj'stal of either of them wonld 
aiise the ciystallisatioE of both of the iaomorpbous bodies, 
Irhatever the proportion in which tfiey exist in the solutiou. 
onsequently iaomorphous bodies cannot be separated from one 
piother by recrystalliaation. 

When the temperature of a solution falls below the freezing 
t melting point of the liquid constituent, e.g. of water, then we 
I phenomenon similar to that which in § 75 was described 
I characteristic for a fluid mixture formed by solids only. 
There is now, therefore, a lower limit of solubility aa well as 
an upper lim.it, so that neither of the constituents must be 
present in less than certain proportions, if the other is not to 
solidify. 

The farther the temperature sinks, so much the nearer do 
these limits come together and finally coincide ; consequently at 
the lowest temperature only one liquid mixture can exist. A 
concentrated aqueous solution of common salt will deposit salt 
on cooling ; whilst ice separates from a dilute solution cooled 
below the freezing point. The further the temperature sinks 
the more nearly do both solutions approach one another in 
composition, until at —22° C. they have the same composition 
and contain one part of salt to thi'ee parts of water. 

Further cooling wonld effect a solidification of the whole ; a 
liquid mixture of salt and ice cannot, therefore, exist below this 
temperature. 

§ 78. Relations between the Freezing Points of Solutions and 
the Holecnlar Weights of their Constitiients. — RUdorff and De 
Coppet have found that the freezing point of a not too concen- 
trated solution of salt sinks in proportion to the amount of salt 
I present. One part of common salt dissolved in lOU parts of 
Krater reduces the freezing point of water from zero to 
K— 0°-6 C, two parts reduce it to — 1°'2 C, four parts to 
«■ — 2°-4 C, six parts to — 3°'6 C, and so on; for every 
further addition of salt a reduction of 0°G C. is produced till 
the proportion of salt in the solution amounts to 14 in lOU, 
when the solution freezes at — 8°'4 C, 

At first sight it would appear that below this temperature 
the relation between the proportion of salt and the reduction in 
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the freezing poiot, ceases. Further investigation has, however, 
shown that this relationship still exists even at this temperatnrf , 
but no longer holds for anhydrous salt, but for the compounii 
NaCl + 2HjO, which is the compound crystallising from water 
at this lower temperature. 

We may therefore conclnde that below the limit betweei^t— 
— 8° and —9° C. the solution coutains this compound, and no*=3 
the anhydrous salt. 

In other cases, even with salts crystallising with water u l~ 
higher temperatures, the redaction of the freezing point^=:=> 
below Hero is found to be proportional to the amonnt of th u 
hydrated salt present in the solution. For instance, for sodium^^ci 
iodide the reduction is proportional to the compound Nal + 4H,0^CID 
in 100 parts of water. This reduction of freezing point i^^^ 
therefore an excellent means of deciding the question as t"»~~^ 
whether a given salt, when dissolved in water, loses or retain^^^ 
its water of crystallisation. AJl that is necessary is simply to^cr~~"' 

determine the freezing point of solutions of different concentra- 

tion, and in this way ascertain whether the lowering of the freez 

ing point is in proportion to the amount of the hydrated or o£^^^ 
the anhydrous salt in solution. 

The results obtained by this method of investigation have in ^r~' 
many cases been confirmed by other observations, more especiall_y ""W 
of the colour of the solution, when the hydrated salt differs in-^*^ 
colour from the anhydrous salt. For instance, anhydrous copper" -*" 
sulphate, CuSO^, is colourless, whilst the hydrated blue vitriol, .^i 
CuSO^ + SH^O, is blue; so also is the solution; therefore the -*^ 
solution must contain the hydrated and not the anhydrous salt. — — 
This conclusion is confirmed by the results of the determina- — "" 
tion of the freezing point of its solutions. 

If the reduction in the freezing point, instead of being 
calculated for one part by weight, is calculated for the stcechio- 
metric amount represented by its formula, viz. the quantity Q, 
then substances of analogous composition j-ield very nearly 
equal values. In the following table under Q are given the 
weights of each of the compounds dissolved in 1000 parts of 
water, the freezing poiuta are given under E Q, and under li 
the depression in the freezing point produced by one part hy 
weight of the salt : — 
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^ 


^ 


Q 


B ■ 


EQ 




Sodium ChU)ride. 
Potasssiam Cliloride . 
Ammoniam Chloride . 
Sodium Bromide. 

Sodinm Iodide . 
Potassiam Iodide 


NaCl - 68-4 
KCl = 74-4 
NH,C1 := B3'4 
NaBr+4H,0-174-6 
KBr =118-8 
NaI + 4H,0 =3214 
KI =165-6 


0°'0l89 
0°0292 
0°'OI52 
0''02la 


-8''-48 
-8°-30 
-3=-47 
-3"-3B 
-3»E1 


"Witli each regularities as are here exhibiteJ, there can be 
lo doubt that if the ardount represented by the fomiula NaCI ia 
he true molecular weight of common salt, then the other quan- 
itiee under Q must also represent the molecular weights of the 
Bveral compounds. 

But if Q be twice or thrice as great, a similar conclusion 
mat be arrived at. This method, therefore, still leaves some 
oom for doubt as to which value must be accepted, and this 
ncertaiutj becomes greater as in the case of some salts smaller 
nd for others larger values for E Q are obtained ; thus, fo 
xample, with the so-called vitriols, the following results have 
)eeu obtained : — 




- 


Q 


B 


EQ 




Epsom ijalu 

Nickel Sulphate , 
Copperas 
Blue Vitriol . 


ZnSO, +7H,Or,2aG-7 
NiSO. +7H,O-2B0-l 
FeSO, +7IIiO = 277'4 
CqSO, +7H,0 = 248-B 


0''0072 

o°'OOBa 

0°'O065 
O°'O066 

o°noe5 


l°-77 

r-es 

l''-54 

r-63 


By simply doubling the quantities Q, these results might be 
wrought into agreement with those above. In the case of otbe 
jompounds, however, such agreement could not possibly be 
wrought about by these simple devices. 

It has been found by F. M. Raoult that organic substances 
examined by this method give much more uniform results than 
.norganic salts. This knowledge is all the more valuable, as the 
nolecular weights of many of these bodies can be determined in 
Jie state of vapour (^ 21). Thus, for example, the reduction 
af the freezing point, brought about by one part by weight o 
ether, C,I1,„0 = 73-84, in 100 parts of water gives a value for E 
of 0°-23. If the molecular weight of ether (73-84) be dissolved 
in 1 000 partfi by weight of water, then the molecular depressior 
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EQ is eqnal to 023 x 7384 = l"-?; a immba- wbidi ij.i i \\m* 

aati^Ctanij with tiie nK^ecnlar dt^meatm fix- Uw T&nds 

^mOar Talnes are obtained for many other organic oontpomida^^ 
aa flbown by the firfknring exain|daB : — 
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Q 


K« (, 


Q 


KQ 


Iii»«t Sogsr . 
KHk „ . 
Caae 




I-^n i| laeiic Acid 
1"«> i Malic „ 
1=^3 1 Tannic „ 
1=«1 (1 Citric „ 
l=-85 j Drea . 







lliia discover)' is of great importance, since by its aid we 
determine, at any rate in terms of certfdn standards, the molecnlaf 
weigiite of those snbstances to which on account of their lack 
volatility Avogadro'a law cannot be applied. Thus, for instance, 
for a long time some doubt existed as to whether the molecnlar 
weight of milk sugar was equal to or was double the molecnlar 
weight ascribed to grape or fruit sugar, the mixture of which 
forms inverted sugar. The above numbers, however, remove thiai 
doubt and show that the molecular weight of milk sugar cannot i 
be represented by the formula CgH,,Og, for this amount woi 
only correspond to a depression of 0°-9 C, 

Ilaoult has alao found that the solutions of other solveni 
besides water obey similar laws, and, aa a matter of fact, the d^' 
pression of the freezing point of a solvent by a given amount of 
dissolved substance is the greater the hdghei- the molecular 
weight of the solvent. Thus one part by weight of ether dissolved 
in 100 parts of wat«r, glacial acetic acid, or in benzene gives thi 
following depn 



The last two numbers are very nearly proportional to tha, 
molecular weights of the compounds represented, viz.- 




In water 

In glacial acetic acid 

In benzene . 



o'-sa 



1 



Glacial acetic acid . 



C,H,0, = 59 8 



J 
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0-53 : 
59-88 : 



0-67 = 1 : 
77-82 = 1 ; 



Similar relations are found to obtain for other solvents, with 
bli« single exception of water. 

Making nee of this observation, Kooult has been able ta 
e^rtend this law and express it in the following terms : — 

If the molecular weight of any compound be dissolved iu one 

tituidred times tlie molecular weight of any liquid, then the 

fi'eezing point of this liquid will be depressed by about 0''-62 C. 

The majority of inorganic acids and salts when dissolved in 

W-^ter form exceptions to this law. 

The molecular weights of other bodies, then, can be deter- 
mined by aid of Kaoult's law in the following manner : — 

A weight P of the substance is dissolved in a large excess 
Ci' quantity L) of a solvent having the molecular weight M, and 
the reduction in the freezing point E is then determined, if wi is 
the molecular weight to be found, then we have, approximately^ 



P . m 
L ■ 100 M 



E : 0''-62 : 



I 

I 



The value of m so obtained is then to be corrected by the 
BtcBcMometrio composition of the substance in question. It ia, 
as a rule, more convenient to take, instead of ni, the smallest 
quantity q, which represents a whole niimber of atoms and to 
calculate the reduction o brought about by this quantify iii its 
solution in 100 M, thus : — 



L- 100 M" 



E : 



Then to try with what whole number a:, the value of e, must 
be multiplied so that the product approximates as nearly as 

^L possible to 0°'62 ; the required molecular weight m is then equal 

■ ton;. 
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79. Exceptioiu to Baoolt's Law. — The exceptions t 
law already mentioned are of two kinds. In the first place there 
are those substances, one molecnlar weight of which dissolved in 
1 00 molecular weights of water (in round numbers 1 800, or more 
exactly 1796part8ofwater)doe3not give the normal depression of 
0'''62, botone which is aboot 1° C. In order to bring the freezing 
pointtoO°'62iti8neceBsorj' toaddmore wat€r,some 2700 to 3000 
partSjOr 150 tol60 molecular weights to one molecular weight of 
the body dissolved. So water behaves as though its molecular 
weight were greater than the weight represented by the fonnnla 
HjO. One may imagine in fact that in water near its freezing 
point molecular aggregates exist, some of the formula HjO, or 
the formula H^Oj, and so on. The existence of such aggregatea 
would explain the abnormal expansion below 4° C 

Cold water, therefore, may be looked upon as a solution a 
ice in water, and indeed in the light of a mixture conaiaf 
ing of one molecular weight, H^Oj, with one of the molecol 
weight HjO, or one molecular weight, HgOj, to three molecnl 
of the formula H^O. 

The second class of exceptions is formed of many acids and ■■ 

salts, the smallest amount of which represented by the stcechio ■ 

metric formula depresses the freezing point of water much raor»^ 
than the molecular weight of any indifferent organic substance^^ 
in some cases the depression being twice aa great. Accor din g^ 
to the above table, for instance, a solution of S8-37 grammes oE^ 
common salt in a litre of water freezes at— 3°-5, whereas a solutioi»- 
containing 341 '2 grammes of cane sugar (Cj^Hj^O,,) would freeze 
at — 1°'85. Common salt, therefore, behaves as though it wer^ 
composed, not of an amount represented by the formula NaCl, but; 
by an amount almost equivalent to two molecules. To explain 
these fects S. Arrhenius has suggested that the greater portion 
of the salt exists in solution dissociated into sodium and chlorine. 
A somewhat similar proposal was formerly made by Clausius to 
^-xplain the decomposition of its solution in electrolysis (com- 
pare §5 12 and 99). Improbable as this hypothesis may at first 
sight appear, very weighty arguments have been advanced in 
support of it. 

Diffiuion. — ^If the composition of a solution is different 
in different parts, then even when the temperature throughout ia 
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Ftiie same there arises without any external cause & gradual ad- 
juetment, inaBmuch as all the constituents of the solution are 
gradually and uniformly distriboted throughout the maee. 

The movement by which this uniform distribution is effected 
was styled ' diffusion ' by Graham. This diffusion takes place 
slowly and consequently the substancee mixing with one another 
may often take weeks and perhaps months in passing through a 
■distance of a few decimetres only. Inasmuch iis this admixture 
takes place spontaneously, it must result from the motion of 
the particles in tbe liquid state, and must also take place in 
perfectly homogeneous and uniformly mixed liquids. 

The difference between this case and that in which the mix- 
ture is not uniform is to be found in the fact that as each of the 
particles in any given position moves in one direction, an equal 
number of particles will move in the opposite direction ; whereas 
. in the case of mixtures lacking this uniformity, then from that 
jortion of the liquid containing a larger number of particles in a 
Biven space, more particles will come inconsequence of thisexces.';, 
rassuming that the temperature, and consequently the velocity of 
the particles on both sides, is equal. The uniform distribntion 
of the concentration will therefore occur the more readily the 
greater the difference in the contents of the two layers of liquids 
'tt contact with each other. 

From the considerable amount of heat which is rendered 
Ratent in the passage from the solid into the liquid state, one 
may conclude that the liquid particles have considerable motion 
imparted to them. That these particles, despite this motion, 
only move slowly from one position to another may arise from 
the fact that they interfere with one another's free movement, 
and consequently only with great difEculty and very slowly are 
they able to force theii' way tlirough the crowd of surrounding 
particles. 

The velocity with which a substance diffuses depends, not 
only upon its nature, but also upon the nature of the solvent, 
and further upon the temperature. These phenomena have 
been chiefly investigated for aqueous solutions. One might at 
£jst be inclined to believe that the smaller and lighter particles 
Kfrould diffuse more rapidly than the larger and heavier particles. 
^BfliilBt this frequently is the case, it does not obtain universally, 
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and especially ia tliis found not to be so with bodies wMch arttl 
very nearly allied to one another. In illustration of this, a com- 
)ariBon may be made by taking an equal number of molecular 

same solvent. For instance, if the weight in grammes of potassium 
uhloi-ide, 74-4, represented by the formula KCl, of common salt 
the amount 58-37, of lithium chloride the amount 42'38, repre- 
sented by their respective formulfe, be dissolved in a liti'e of 
water, and the several solutions brought in contact with pure 
vater, then by determining the quantities of each which pass in 
equal times under otherwise similar conditions into the water 
we obtain values for the difEusion of these different substances 
vhich may be compared with one another. Experiments of this 
character conducted by J". H. Long have shown that the number 
of molecular weights of each of these bodies which difibse in 
equal times are represented by the values given under d in the 
fallowing table : — 
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KC1= 7i-i 
NaCl= 58-4 
LiCl= 42-4 
KBr=I18'8 
N8Br = 102'8 


803 
600 
541 
833 

609 


KNO, = 100-9 

NaNO.= 84-9 

, LINO,- G8'9 

KI = lB5-6 

Nal = 149-5 


eo7 

624 
B12 

672 


L 


These examples show that potassium salts, despite their 
l^reater molecular weights, diifuse more readily than the corre- 
sponding sodium compounds, and these latter more readily thao 
ihe corresponding compounds of lithium. Such examples, which 
might be considerably increased, show that fi-equently the large 
molecules diifuae more readily than the small ones ; still, on the 
other hand, there are substances having very large molecular 
weights, more especially complicated organic compounds, which 
diffuse with extraordinary slowness. The substances mentioned 
in the foregoing section diffuse at a comparatively rapid rate,aGi 
these bodies, according to the hypothesis advanced by Arrhenios, 
must be supposed to exist in their solutions in a state of difi- 
Bociation. 

§ 81. OamoalB and Dialyais. — -If two liquids capable of diffusing 
into one another are brought, not into immediate contact, but are 
separated by a septum which is permeable to one or other d tbe 



<!onstitneiitH aad not the other, or only permeable fo a lesser 
degree, then we have produced tliat remarkuble phenomenan to 
which Dutrochet has applied the term osmosis, from umfior. an 
impulse. As this term implies, the liquid to which the septum 
is permeable is driven through in such a way that a considerable 
inequality of pressure on each side of the separating wall is 
produced. Substances which swell up when, moistened (compare 
4 72) are the best adapted for such septa. Animal or vegetable 
membranes, parchment paper, gelatinous precipitates, such as 
«opper ferrocyaoide or tanned gelatine, and also caoutchouc and 
other bodies, are examples of the materials which may be used 
for such septa ; still there are also many substances which act 
in a similar manner, although they do not swell up when 
moistened. But what may and what may not pass through 
snch septa is determined by the nature of the septum itself and 
also of the liquid. The cuticle of plants and animals and also 
many membranes which are produced from aqueous solutions 
are permeable by water, but are impermeable to many substances 
easily or only slightly soluble in water. Ciioiitohoue does not 
allow wat«r to pass through it, although many organic substances 
diffiise readily through this material. The most remarkable fact 
■observed in connection with the phenomenon of osmosis is that 
the portion of the liquid by which the wall is permeated will 
force its way through the membrane, despite the greater pressure 
existing on the opposite side. For instance. 8upi»sing an 
aqueous solution of salt be separated from pure water by a 
membrane permeable only to water; still, as has been shown 
by Nollet in 1748, and later by Fisher, Magnus, Dutrochet, and 
others, the water passes through the membrane to the salt, so 
that on the salt side an increased pressure is produced. The 
water therefore moves in opposition to the pressure which has 
been produced by its own movements. As soon, however, as 
the pressure reaches a certain amount, then this increase in 
Tolume ceases. This maximum pressure, the so-called ' osmotic 
pressure,' has been studied and measured for different substances 
by W. Pfeffer, and in many cases has been found to be very 
considerable and to be proportional to the concentration of the 
solution. At one time it was believed that this pressure was 
due to the attraction of the salt or other dissolved solid for the 
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water. This explanation is no longer permiasible, for De Vriaj 
has found that in a very large group of substances this pressura 
for the solution of two different substances is approsiniately the 
same when both solutions contain in equal volnmea an equal 
number of molecules of the dissolved bodies. De Vries did not^ 
measure the ' osmotic pressure ' directly, but determined the 
concentration of those solutions of different substances which 
give up as much water to certain plant cells as they receive from 
the membranes of these cells. These solutions are spoken of as 
isotonic (from itror, equal, and tovos, pressure). De Vries found 
that in order that the solutions of those organic substances in- 
vestigated by him should be isotonic, they must contain in equal 
volumes an equal number of molecular weights, whilst solntiona 
of inorganic salts were found to be isotonic with the former when 
less concentrated. Consequently very different substances exert 
equal osmotic pressures ; the phenomenon, therefore, cannot be 
dependent upon the material composition of the bodies nor upon 
an attraction exerted by them upon water, which certainly could 
not be the same for substances so very different from each 
other. 

We cannot, therefore, accept such an attraction to ezplai) 
this phenomenon. If on one side of the wall there were watei 
particles only, and on the other, particles of another substance 
for instance, sugar, for which the wall is not permeable, thei 
upon this aide the number of water particles coming in conta 
with the wall would be smaller the smaller their number, anc 
consequently the larger the number of particles of sugnr coa^ 
tained in a unit volume. The smaller the number striking ths 
wall BO much the smaller will be the number passing into t 
through the wall, consequently a smaller number of particles ti 
water pass from this sugar solution towards the pure i 
than from the water to the sugar solution. The amount i 
water on the side of the sugar solution must therefore increase. 
If the water so jiassing through the wall can flow away in , 
other manner, then the passage will continue so long as the c 
centration on both sides of the wall remains unequal. If, how- 
ever, the solutions are contained in closed vessels, then in con- 
sequence ofthe advent of the water the pressure will be increased. ' 
■ In proportion as this increase proceeds the amount of water 
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parsing through the wall ii» a given time diminishes, and will 
fiaally cease when the pressure has reached a certain maximum ; 
then the interchange ceasea entirely. This arises from the fact 
that the pressure produced by the water particles ia more strongly 
exerted upon the wall, and conBequently they press through it. 
In this way the equilibrium of the materials passing from both 
sides is established. 

K the pressure be increased artificially above this maximam 
then more water pa.sses out than is returned, till the equilibrium 
is again established. 

This osmotic pressure is dependent upon the condition of the 
wall, and not alone upon its compositiou, but also upon its thick- 
ness ; for naturally it is easier to force the water through one 
kind of wall than it is for it to pass through another of a differ- 
ent material. If, however, one brings consecutively in contact 
with the same wall, solutions of different materials, then the 
osmotic pressure will gradually become eqnal, the equality being 
established when the solution on each aide of the wall containsan 
equal number of molecules of the substances to which the wall is 
impermeable. If these two solutions are divided by a partition 
only permeable to the solvent, then no alteration in pressure is 
produced ; if, however, one sohition contains in a given space more 
molecules than the other, then the pressure rises in this solution. 
The osmotic pressure as well as the depression of the freezing 
point may be used for the purpose of comparing and determining 
molecular weights. This method is, however, less convenient 
than the former and suffers from the fact that these septa 
are, as a rule, not absolutely impermeable to dissolved sub- 
stances. In this method also it is fonnd that acids and salts 
exhibit an exceptional behaviour similar to that described 
in §79. 

§ 82. Evaporatian and Ebollition. — If a liquid be brought 
into a vessel which it does not completely fill, then a portion of 
the liqnid passes as vapour into the space above. WhenthiR 
formation of vapour takes place only at the surface of the liquid 
it is styled ' evaporation,' but when it also proceeds in the interior 
ofthe liquid itselfit is described as ebullition, or boiling. Which 
of these two forms of vaporisation obtains, is determined by 
external conditions, especially by the pressure on the liqnid and 
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by the temperature. Evaporation may also tate place from t 
surfaces of solid bodies. 

When the space above the liquid is completely void, then, 
as a rule, evaporation takes place very quickly ; but if it be filled 
with air or other gas the vaporisation proceeds more slowly. 
The mass of the vapour increases, but only until a maximum 
density is reached, that is, until every unit of space contains a 
certain definite weight of vapour : this masimun density is de- 
pendent upon the nature of the substance and also upon the 
temperature. This is true whether the space be filled with air 
or not. The vapour tends to expand and consequently exerts 
a pressure on the walls of the vessel, which pressure with con- 
stant temperature is approximately, but not absolutely, propor- 
tional to the density. To this maximum density there ia a 
corresponding maximum of pressure styled the 
tension of the saturated vapour. The maximum 
always reached when a sufficient amount of liquid 
If another gas exist in the space with the vapour, then both 
exert a pressure, giving a total pressure equal to the sum of the 
two. The component pressures are spoken of as the ' partial ' 
or ' individual ' pressures. 

When the space filled with a saturated vapour is reduced, 
and therefore the vapour compressed, neither the pressure nor 
the density is altered, but a portion of the vapour is converted 
into liquid and separates out as such. If the reverse happen. 
then an amount of vapour is formed until the conditions of the 
maximum of density and of pressure are again restored. It 
must not, however, be concluded that by reason of the impossi- 
bility of exceeding this maximum, the production of vapour 
ceases when this condition has been reached ; for the vaporiea- 
tion continues, but as much vapour condenses and liquefies as 
there is fresh vapour formed. The condition of a saturated J 
vapour therefore is no condition of rest, is nota statical butal 
dynamical equilibrium, a state of motion which has becomal 
stationary. 

The maximum pressure of the vapour of a substance i*l 
determined by the materia! composition of the body and also " 
by the temperature. At low temperatures it is frequently iin- 
measurably small, whilst at higher temperatures it is consider- 
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lible ; still there are many bodies which cannot withstand the 
necessary rise of temperature without suffering decomposition, 
and therefore in the case of many liquids it is not known 
whether they can in anj' way lie converted into vapour. 

When the pressure of the vapour is as great or a little greater 
the pressure surrounding the liquid, then the production 
of vapour proceeds, not at the surface alone, but also in the 
interior of the liquid itself, and the liquid boils. The formation 
of bubbles of vapour in the mass of the liquid itself does not 
necessarily take place as soon as the required temperature and 
pressure have been reached, just as the crystallisation of a solid 
from its solution does not begin immediately the condition of 
saturation has been reached, A liquid heated to a temperature 
above its boiling point is described as ' superheated.' This con- 
dition is analogous to that of supers aturation in the case of 
solutions. When the formation of vapour takes place in a 
' Buperheated ' liquid, it proceeds rapidly and suddenly, just 
as crystallisation in a supersaturated solution, and may conse- 
quently occasion violent explosions. Various agencies are found 
to be active in giving an impetus to the production of vapour — for 
example, shaking — but perhaps the most effectual is the contact 
ofsolid bodies, the surfaces of which are covered with averythin 
layer of air or gas, or a solid which forms a gas when brought into 
the liquid will also promote the production of vapour. In this 
thin layer of air the firet vapour production takes place, which 
rapidly extending forms a larger bubble, into the interior of which 
evaporation takes place from all sides. Bodies which condense air 
easily npon their surface, like platinum, or porous substances 
containing air in the pores, like burnt clay, charcoal, &c. are 
specially active in promoting this production of vapour. The 
walla of the containing vessels, more especially those constructed 
of glass or porcelain, act in the same way, by reason of the thin 
layer of air which is retained adhering to their surfaces. If this 
layer of air has been removed either by strongly heating the 
' or by long continued boiling of the liquid in it, then sudden 
and violent ebullition may set in, which can be avoided by 
bringing into the liquid, platinum wire, sand, or pieces of clay 
ipe-stems, &e. 

The nature of the relationship between vaponr pressure and 
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that widi^ 



^1 temperatiire is so &r alike for all volatile substances t] 

^1 a rise in temperature the preasoTe increases at Srst dowly, then 

^M rapidly and more rapidly antil at laet the iacrease takes place 

H with extraordinary rapidity. If these phenomena are represented 

H graphically with the abscisss for the temperature and the 

H pressure as ordinateg, then the curve is foand to be convex to 

H the axis of the abcissse, and is at first almost parallel to this axis, 

H and finally almoet perpendicular to it ; as yet such representa- 

H tions have been made in only a few isolated cases. The law 

f underlying this relationship has not yet been completely 

elncidated. As a rule, it has been deemed sufficient to fix and 
determine the boiling points of diiferent substances, i.e. the 
temperatures at which the liquids boil under the ordinary 
atmospheric pressure. But since this pressure varies from time 
to time, and is different in different places, such determinations 
are of little value unless the height of the barometer be also 
measured. For instance, in consequence of the higher posi- 
tion of Ttibingen or Munich, the majority of substances boil 1" 
or 2" lower at these places than they do at Berlin or Konigs- 
berg. . 

5 83. Boiling Pointi. — The comparison of the boiling points J 
of Bubstances of analogous composition has shown the existence 
of a very intimate relationship between the boiling point and 
the composition. These relationships were fii-st brought to light 
by the investigations of H". Kopp and of H. Schroeder, and have 
since been amplified and extended by numerous investigators. 
It is chiefly amongst the organic compounds ttiat such investiga- 
tions have been made, and among these it has been shown that 
regular changes in composition correspond to similarly regular J 
alterations in the boiling points. | 

Among the numerous series of organic compounds of like 
atom-linkage, the members of which differ from one another by 
CH,, or a dift'ei-enceof 13-97, or approximately li units, in their 
molecular weights, the boiling points and the molecular weights 
foi-ni arithmetical series with approximately equal differences ; still 
the differences in the boiling points are not exactly equal, as is 
the case with those of the molecular weights. 

The following examples are taken from the chlorides, bro 
midea, iodides, alcohols, and acids derived from the series of 90>fl 
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ffcalled paraffiiiB (Hydrocarbons of the general formula C^H^,,^,) 
The boiling points in each of the live aeries increase with the 
number of carbon atoms; still, this alteration is somewhat different 
in each series. 
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C„Hj„„Cl 
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OaH„,,0R 
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-220 
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31 


32 
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34 


38°-i 
33 


72° 
SO 


7a°-6 
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110° 
21 
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ie°-i 
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97''-4 
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32 
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28 
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77=-9 

38 


100° 
29 


129=e 
26 


117° 
20 


162° 
23 


■ 
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129= 


IfiS"'! 


137° 


186° 






26 


2T 


34 


20 


80 






133" 
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ng^'G 
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ao6° 
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23 
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201° 


176° 


324° 
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21 


20 


31 


i9 


13 


1 




180= 


199" 


322° 


195° 


237° (!) 



Greater differences are found among the more easily volatile 
anbstances than between the less volatile members. Still in the 
■case of bodies of approximately equal volatility the increase is 
greater in one family than in another. In consequence the 
remarkable relation obtains that the iodides and bi-omidea of the 
radicals CnHj„^„ containing a smaller number of carbon atoms, 
boil at a lower temperature than the hydroxyl compounds, whereas 
with higher values of n the iodides and bromides are less volatile 
than the alcohols. With increasing values of *( the chlorides 
approximate more nearly to the alcohols ; whereas when n 
= 1 the alcohol boils 88° C. higher than the chloride, and when 
n=S the difference is only 15° C. 

Relationships between the boiling point and molecular 
vreight similar to the above are exhibited in many other series, 
A. Winkelmann has shown that similar differences are observed 
whatever be the pressure at wliich the boiling point is deter- 
mined ; the smaller the pressure the smaller the differences. 

These approximately regular differences in the boiling points 
are only found when the substances compared have similar 
atomic linkage. Even minute differences in this respect may 
give rise to considerable deviations in the boibng point. For 
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instance, the ' normal ' hydro-carbons, containing carbon i 
nnited in a single chain, ninst not be compared with their 
iaomerides containing side-chains of carbon atoms ; the former 
boil at considerably higher temperatures than the latter. Inas- 
raach as by the replacement of hydrogen by an elementary atom 
or radical the volatility is affected, and the extent and manner 
of this alteration is determined by the position of the hydrogen 
BO replaced, those compounds can alone be regarded as homo- 
logous in which there is complete analogy in the position of tl 
substituting elements or groups. It is, in fact, this far-reaching 
influence exerted by the mode of the atom linkage in the boiling 
point which has made the volatility of compounds of great 
service in the investigation of the linking of the atoms in different- 
compounds ; organic chemistry provides numerous illustration 
of the application and value of this method of determining fc 
constitution of compounds. 

§ 84. Vapour Pressure of Hixed Liquids. — If several liquids 
are contained in the same vessel, each of these will give offvapour 
into the part not occupied by the liquid, Regnault has shown 
that in such cases the phenomena may be divided into thi 
distinct classes. 

When liquids do not mix with one another, then each con- 
stituent gives off as much vapour as if it existed alone, and the 
total pressure is equal to the sum of the partial pressures of the 
vapours of both. Therefore, a mixture of two such liquids will 
boil at a lower temperature than either of the constituents. For 
instance, if water be poured on to bromoform (OHBr^), which 
boilsat 151° C, then ebolhtion commences at the surface separat- 
ing the two at atemperature of 93° C, because at this temperature 
the sum of the vapour pressures of water and of bromoform is 
sufficient to overcome the pressure of the atmosphere. The 
boiling point remains constant so long as there is a sufficient 
quantity of each liquid present. Carbon bisulphide and water, 
ethyl iodide and water, and many other combinations behave in a 
similar manner. This property may lead to very considerable 
error in the determination of boiling points. Thus ethyl iodide 
in presence of a little water will boil 10° C. lower than the boiling 
point of the pure substance. 

When liquids mix only to a limited extent with each other, 



ogen 

ftlS 

bin^ H 

iling 

i^reat 

arent.^ 

tionajA 

juids 
,pour 

thraoJ 

h con— ™ 



VAPOUIl PRESSURE 



149 



I 



S8 for instance ether and water (vide § 75), then tlio vapour 
preBBure of the mixture is less than the sum of the pi-easurea of 
the single constituents, and in fact is unly as grertt as that oi'the 
more volatile constituent ; in the instance cited it would only 
be ae great as that of ether. Iti such cases the boiling point of 
the more volatile liquid could be correctly determined ia 
presence of the other. The more volatile component having 
distilled over with a portion of the less volatile liquid, the boiling 
then ceases, to commence again when the temperature at which 
the latter boils has been reached. 

When liquids mix in all proportions, the vapour pressure of 
«ach reduces that of the other, so that the pressure of the mixture 
is considerably less than that of the more volatile constituent, 
4nd lies between their separate pressures. The pressure in such 
,ries very considerably with the propoi-tion of the consti- 
"tuents. If such a mixture is distilled, then the boiling point 
gradually rises in proportion as the more volatile constituent 
distils over. Separation by distillation in such cases is much 
more difficult than in either of the above instances. Separation is 
■then only possible when the distillation is frequently interrupted, 
4B in fractional distillation, when the distillate, as well as the 
residue, are enoh separately redistilled. 

§ Uo. Belation of Semity and Pressure of Vapours to Kole- 
•AUlar Weights. — If a vapour be examined nndrr a preBSuri; 
much tiiiialler than tlje maximum of its vapour pressure at the 
-temperature of experiment, then it is found that Avogadro's law 
■(5 17) holds true for the vapour, i.e. equal volumes of different 
vapours contain the same number of molecules, and as many as 

i>are contained in the same volume of a gas, provided that gases 
id vapours alike are measured under the same conditions of 

i'temperatore and pressure. Under these conditions the densi- 
ties are proportional to the molecular weights, and may serve, 

"therefore, for the determination of the latter, in the manner 

-already described in §§ 19-21 . 

When gases and vapours or several vapours are contained 

,»within the same space, and provided these gases and vapours 

«sert no chemical action upon one another, and do not when in 

the liquid state mix with one another or dissolve in one another, 
then the 8um of all the molecules is the same as would be the 
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flC the teoqiMrtarca at wUdi ATopdio'a lew cas be tfiiiliwi 
flMjr b» latxed witli iadHbnnt gwea, and the wei^dLy preaeme, 
and temperature of the mixtaie detoniiied. Dednctzi^ front 
tliM tibe knomi or Bafamqaentl? detemuned p ryurti om of tlift 
admixed gaa,tJia pfeantre and w^^ <rf'tlieT:^xmr an ofatabied. 
(roai wbidi the dennly sod tnotecular wea^it are calculated. 

Ancfirditif^ U) Alex. Naomapn, tlip molecular ireigfat of a 
viAaiiU^ lifjuifj can be determined by dutilling it with another 
lu|uid with which it doea not mix. For, in sach cases, the 
pFBMnire whit^b each constituent of the mixture of vapour exerts 
ii proportional to the number of ita molecules in the vapour. 
Tb* amoiint converted into vapour, and consequently that dis- 
tiUinff over, ifi gjeater the I-i^r the number and the greater 
tlio wniffht of the particles or the molecules. If P be the t<ital 
prewiurUf and /' »n(l p, the partial pressures, i.e. the vapour 
prManrM of each of the separate vapours, then 

P=P+P,. 

Fiirtlmr, lot m and m, be the molecular weights and ;; and y, tli& 
wuightH of oiioh Hubtjtfkiice distilling over, then 



If ni| iw Jilivridy krmwn anil the pressure j', be measured for the 
t'liiiiirriitiiii' lit which the mixture distils, then we have 



;. = P- 
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Fur iimtaiice, from a mixture of toluene and water, 86-^^ 
KrnmmoM of toluene and 21'1 grammes of water distil over a** 
Sl"'3 C. and 751-4 mm. At this temperature the pressure otf" 
ftqnwuH vapour iilone is 422-0 mm. ; consequently we have — 
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= 7o-l-4 mm, p, = 422 mm., 

^ 422 8G;6 

*" 332-4 "^ 211 



I = P — ji, = 332-4 mm, 
; 17'06 = i)4-5. 



Ttie molecular weight of toluene, according to the formula, 
C^U^^ ia 91-8. The agreement between these uumbers is suf- 
"Cieotly satisfactory to leave no doubt as to the value of the 
Qiolecular weight. This method can be used in many cases 
^tere others cannot be applied. 

The vapour pressure may, according to Raoult, also be 
utilised to determine the molecular weights of substances in 
the liqniil state. When a comparatively small amount of a 
^olid or liquid ia dissolved in a volatile liquid, such as ether, the 
"Vapour pressure of the solvent is thereby reduced and the 
deduction is almost proportional to the number of the molecular 
"weights of the substance dissolved. For instance, the vapour 

t'presBnre of ether is reduced almost by -^^ when 1 molecular 
height of a substance is dissolved in 99 molecular weights of 
•ther; with 2 molecular weights in 100, i.e. dissolved in 98 
inolecular weights of ether, the pressure ia reduced by about 
-j-^, and BO on; still, the proportion of the substance dissolved 
mnst not be too great, otherwise this role ceases to be reliable. 
If/be the vapour pressure of pure ether,/' that of a solution 
containing (j parts by weight of the dissolved substance in 
iOO parts of the solution, and consequently (100— ;/) per cent, of 
ether, m the molecular weight to be determined, m, the mole- 
cular weight of ether (CjHujO — 73'84), and n the unknown 
nnmberof molecules of the dissolved substance in 100 molecular 
weights of the solution, then the following proportion holila 
approximately : — 

/ :/::100-w; 100; 
and therefore 

w=100tZ. 

Further we have also the following reiatione : — 
j: 100-s = »xm:(100-,.).ra„ 

and consequently 

^_ (IOQ-»).g ^__ 
,..(100- J)' '■ 
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The molecalar weigbts determined in this maaner are only 
approzimatioDS and need correcting by the strecliiometiic for- 
mula, just as do ihs molecular weigbts deduced from the Taponr 
density, 

Ciitieal Tempaatare. — As the pressnre of a vapour in- 
cn&ses with the temperatnre. and, in fact, the increase ia the more 
rapid the higher the temperature, conseqaentlv the higher the 
temperatnre the greater the pressnre required for the condensa- 
tion of a vaponr. For every vaponr there exists a temperatnre 
above which no pressure, however great, can effect the liquefaction 
of that vaponr. Andrews, the discoverer of this property, haa 
styled this temperature the ' critical temperature," and the pres- 
sure required to effect the liquefaction at temperatures a little 
below this ia spoken of as the " critical pressure." There is a 
critical temperature for every vapour, provided it is not decom- 
posed by the heat necessary to raise it to this temperature. 

This discovery of Andrews indicated the method to be 
employed in the liquefaction of the so-called pemianent gases, 
such as hydrogen, oxygen, nitrogen, carbon monoxide, marsh 
gaa, &c., which Natterer had attempted but without success, 
although he had employed a pressure of several thousand atmo- 
spheres. These gases were first successfully liquefied by Baoolt 
Pictet, who not only compressed the gases, but also at the same 
time cooled them to temperatures much below their critical 
temperatures. 

According to the recently published investigations of Caill&- 
tet and Collardeau, the conclusions of Andrews require certiain 
limitations, insomuch that the possibility of a liquid existing aa 
such does not suddenly cease at the critical temperature, but 
only the sharp definition of the liquid from the vapour dis- 
appears, to be replaced by a misty, ill-defined intermediate layer. 
At a little above the critical temperature the liquid still remains 
more dense, and is therefore heavier than the vapour, and also 
possesses other properties than those belonging to the vaponr. 
This difference between the liquid and gas disappears more and 
more as the temperature rises. 

Despite this limitation the critical temperature, which is also. 
known as the absolute boiling point, still remains an important 
and cltaracteristic constant. 
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The critical temperatures of diflerent substances are very 
different, varying with their nature and composition, as shown 
by the examples in the table below, in which the critical tempe- 
ratnres are given under the heading C T, and the critical pressure 
in atmospheres under C P. 

In the case of many other substances the critical tempera- 
tores are much higher, and probably the critical temperatures of 
many of the metallic elements are higher than any available 
artificial temperatures. 

The fact that no pressure, however great, should liquefy a 
gas at temperatures above the critical temperature finds its 
explanation in the fact that above this temperature the particles 
are in such rapid motion that they seldom if ever remain 
attached to one another, and the attraction of the particles 
exhibited as forces of cohesion or of capillarity is completely 
overcome. 



- 




t 


CT 


CP 


Hydrogen. . . . j H, 


below- 230° C. 


) 






N, 


-1*6" 


35 


Carbon Monoxide 




(JO 


-MO- 




Olygen . 




0, 


-119° 


50 


CMbon Dioiide 




CO, 


+ 32° 


77 


Nitrous Oxide . 




1 N.0 


+ 35° 


75 


Hjdrogen Chloride 




1 HCl 


+ 62= 


93 


Hjdrogen Sulphide 




H,^ 


+ 100" 


92 


Cyanogen. 




C^, 


+ 1W 


62 


Ammonia . 




NH, 


*130° 


113 


Chlorine . 




01, 


+ 1*1= 


84 


Marsh Gaa 




C^. 


-74° 


57 


BlLylcne . 




C,H, 


+ 10" 


61 


Ethane . . 




c^ 


+ 36= 


45 


Acetylene 




C,H, 


+ 37" 


68 


Amylene . 




C>H,. 


192° 


34 


Beniene . 




C.H 


292° 


60 


Methyl Chloride 




CH.U1 


U2° 


76 


Ethyl 




C,H,C1 


183° 


61 


Propyl „ 




C.H,C1 


221° 


49 


ChlorofotiD 




nncL 


268° 


66 




COl. 


382° 


68 



ITiis conception finds strong support in many other 
observations ; for instance, the flow of liquids, capillarity, and 
other phenomena all show that the cohesion of fluids is gradu- 
ally weakened by rise in temperature. That this should be the 
case is shown also by the fact that in the conversion of a liquid 
into vapour or gas, the higher the temperature so much the 
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leas heat is absorbed or rendered latent. At the criticall 
temperature or absolute boiling point the latent heat of vapori-J 
sation is probably zero, or is at any i-ate extremely small. 

§ 87. Nature of the Gaseoas State. — It has already beeail 
shon-n (§ 20) that, according to the generally accepted views, 1 
the particles which in a liqnid are more or less coherent, a 
vapours or gases completely separated, and have free and inde- 
pendent motion. The fact thatvaponrs and gases, unless under 
great pressure, fill a space many times greater than that filled 
by the liquid from which they are produced proves that in the 
vaporisation or the conversion into gas the particles are separated 
widely from one another. It is known as the result of numerona 
observations that, apart from gravity and universal gravita- 
tion, the particles of matter can only act upon one another a&l 
extremely minute distances ; the particles of a gas or vapour mnstB 
therefore be beyond the sphere of mutual attraction. A body^ r 
left entirely to itself will, however, continue to move on in » 
straight line with the velocity imparted to it unless deflected 
from this path by some external influence. This is assumed to 
be the case with the particles of a gas or vapour, and, as showtt 
in 5 20, the pressure of a gas can in every detail be satisfactorily 
shown to be a consequence of this rectilinear motion of th&- 
particles. 

According to the kinetic theory of gases, the pressure i-^ 
proportional to the density ; since the larger the nnmber c^^ 
particles, so many more particles must strike the walis of tl*^^' 
containing vessel. Further, the pressure is proportional to tl^c:^ 
square of the velocity of these particles, for the frequency an .^c^ 
the force of the impacts must increase with the velocity. Tl«rJ 
pressure is found to be proportional to the absolute temperatur:;^^ 
of a gas: that is, to the temperature reckoned from — 273°0., cc— -^ 
more exactly from — 272''-6 C. ; it follows, therefore, that tK^C^ 
velocityof the rectilinear motion of the particles must increase in -^ 
proportion to tJie square root of the absolute temperature. ThS^ 
velocity must be veiy great, because tbe momentum of evei""^ 
impact is proportional to the product of the velocity into the mas^^ '^' J 
but the latter is very small. Clausius has succeeded, by ver—^ 
ingeniously combining theoretical considerations with the resnl*^* 
of observation, in determining these velocities in absolu*^ 
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^H^KDeaanres, the calculations being based npon the following con- 
^F leideratioiis. 

H The pressure of a gas is eqnal to the change of momentum 

K ^jf every single impact (i.e. to the product of the mass of the 
"moving particle into the change of its velocity) multiplied 
anto the number of impacts on any unit of area exposed to the 
"pressure ; again, the preeaure may be measured by a column of 
anercury : that is, in terms of the action of the force of gravity 
«)n a column of this metal of a certain height and of a sectional 
ffl.rea equal to the unit of area. Hacing these two different 
uneasures of the pressure on opposite sides of an equation, we 
"tihen obtain an expression of the relationship between the 
"velocity of the particles and a value expressed in metres per 
second or any other convenient unit of measurement. The 
«qoation in any case contains still an unknown factor, the number 
of the particles, and also the unknown mass of an individual 
■particle. But of these unknowns the product alone occurs, 
i-epresenting a measurable quantity, viz. the mass of the unit of 
"volume of the gas. 
^v In the above it is assumed that the velocity of all particles 
^^ alike ; in reality this can never be the case, since by the 
^ collision of the particles the velocities will undoubtedly vary, 
as is the case with a large number of billiard balls colliding 
freely. There will, however, always be found a value for the 
"Velocity, which, supposing all the particles to be uniform, would 
produce the same pressure as the variable values of the real 
"velocities. Clacsius has calculated that this velocity (f), which 
ia known as ' the velocity of mean square,' is expressed in 
aaetres per second as follows r — 

V = 485 . 



^ d.27-i° 

B abaoluti! ten 
insiry oi tue gi»i aii" ueiug tiie unit. 

As the density of a gas has been shown in § 21 to be pro- 
irtional to the molecular weight, we may replace d by the 

rrvrPHHinn 



In this expression T ia the abaolutt! temperature and d the 
l^ensity of the gas, air being the unit. 



apreasion 

^ 28-87 
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and then obtain the following a 
city and the molecular weight :- 



the relation between the ^ 



/ T 2887 . 



273' 



2605 



V 2737^ 



In acGorduioe with this formnla the following numbenj 
represent the velocities in metres per second of the partid 
f oxygen, nitrogen, and hydrogen at 0" C, i.e. T = 273, and ^ 
the critical .temperatures —119°, —146°, and — 220". 



Oxygen Wg = 461 

Nitrogen i-„ = 492 
Hydrogen c^= 1844 



= 316: 



= 953. 



The velocities, therefore, are considerable even at tempers 
tures near those at which the gas may be liquefied, and at tl 
freezing point the velocities are much greater than the velocity 
of sound, for instance. 

\ 88. Constitiition of Gases. — Many of the different prop* 
ties of gaaes, such as the constant expansive tendency, theif^ 
rapid filling of empty spaces, and many other qualities, find 
an easy and simple explanation in the great velocities of gaseous 
particles. On the other hand, at first sight many of the propertiea 
do not appear to be consistent with so great a velocity. In oppo- 
eition to the acceptance of these views it has been pointed 
out that the mixing or diffiiaion of gaaes, which certainly 
takes place more rapidly than in the case of liquids, is still 
comparatively slow, so that even with small quantities of dif- 
ferent gases their complete admixture may require hours and in 
some cases even days. This apparent contradiction is, however, 
entirely due to the conception that, in consequence of the great 
velocity of the particles of gases, the admixture of gases should 
be efiected instantly. 

Clausius has, however, shown that the tardiness of gaseous 
diffusion and the low conductivity for heat and other propertiea 
of gases may be satisfactorily explained, despite the velocity of 
the particles. A single particle which, if alone, would move 
through several hundred metres in a second, is retarded by 
others which it meets in its path, and colliding with these is 
reflected back just like an elastic ball, in the same way that a 
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.an running rapidly would be retarded bo soon as he cume 

a throng. The crowding together of the gaseous particles 

mot, however, be so great, for a comparison of the density 

gases and liquids shows that the particles of a gas fill only 

thousandth of the space taken up by the mass ; consequently 

spaces between them there must exist for their move- 

.ents to and fro a thousand times aa much space as that filled 

■'bj the mass. But at the same time the average distance 

"between the particles can only be very small when their number 

18 great and the mass of each correspondingly small. Starting 

with these assumptions irom the known rate of diffusion, the 

conductivity for heat, the internal friction of gases, &c., the 

average distance which a particle must travel before it collides 

with a second has been calculated — this distance Clauaius has 

led the mean free path. 

The length of path is shown to be extremely small — less, in 
&ct, than any length microscopically visible in the case of gases 
at normal pressure. With the majority of gases at the average 
temperature and a pressure of an atmosphere the distance is less 
than the ten-tliousandth part of a millimetre. With a velocity 
of several hnndred metres per second the number of times 
which a given particle must collide with others is quite incon- 
ceivable, and, according to calculation, it must be from four to 
ten thousand million times per second. 

These calculations show the subdivision of matter in the 
ieous state to be excessively great, since at the average 
imperature and under the pressure of one atmosphere a cobic 
'^jentimetre of any given gns, and therefore in accordance with 
-Avogadro's law, of all gases, will contain approximately some 
"twenty trillion particles. As the weight of this mass can I 
determined, and, in fact, is known, the weight of a single mole- 
cule may be approximately ascertained. The weight of a 
molecule of hydrogen has thus been found to be 

0-000,000,000,000,000,000,004 milligramme ; 



H%em 



or a quadrillion of particles of hydrogen would weigh about 

four grammes. Although these nnmbera cannot lay claim to any 

b-Special accuracy, stQl they serve to give some idea of the magni- 

rtode (or, rather, the minuteness) of molecules and of atoms also. 
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fHjiLuB or smiucnCrU. camBaonr 

Sot onlj B^ Oe vi:^^ bat afao Oe i 
rwtffW be MBJlariy eatintcd. The fc"""*"-*"" to its free 
aw TOment eipetiaiced bjft |srtid« prndnced by odIiaoD witb 
oAen is Hettradited, not attj by its Tiioatj, but «Iso bj i| 
doDenaoni ; <br tbe luger the p art i dw the more tbey ' 
interftrD witli one anodier. The psth, thenfoe. wiD be a 
tbe laiger tin putides. Hie knowle^e of the Creqnency j 
tbeir txHiaoas maj fortiiier aem to enable ns to (ona a 
of and to meagnre ^iproxinwtelf thsr dnncnsioQS. Aa 
totbe calcalationsofO. E-U^er, acnbiccmtinietroi^hvd 
measnred at 20° C. aad under pnaoTQ or 760mm. contains so 
many molecules that if they woe lud aide by side they wonld 
cover 9500 eqaare cendnietiea, or vexy nearly a square metre. 
Accordingly for each twenty trillion particles but a very small 
Bor&ce woold be reqnired. for in the length of a millimetre some 
fonr to five million particles conid be arranged in a series. 

The relative size of the molecules of two different gases or 
vaponrs may be calcnlated with greater exactnes tlian can their 
absolnte dimensions. By similar calculation it has been shown by 
the anthor that in the case of most substances the actual spaces 
filled by the gaaeons particles stand to one another approximately 
in the same proportion as that which obtains in the liquid state. 

§ 89. Boyle'i Law. — The behaviour of gases under all con- 
ditions is determined by the dimensions, the mass, and the 
velocity of the particles. The deviations from tlie fundamental 
laws of gases exhibited in individual cases can be explained in a 
Biitisfactory manner as arising from these several influences. 
According to Boyle's law, the volume of a given mass of gas ia^ 
inversely proportional to the pressure upon it, and therefor 
the product of the pressure into the volume or the quotient t 
the pressure and density remains constant. This law is i 
however, absolutely true of any gas; for every gas, with t 
single exception of hydrogen, exhibits a greater diminution ifl 
vohirno with increase in pressure than should be the case if thff" 
law were absolutely true, i.e. the value of the product PV 
diminishes. So soon, however, as the pressure increases to a 

considerable number of atmospheres then the value of the pro 

duct P V becoTnes greater, arising from the fact that the voluni* 
decreases leas rapidly than the pressure increases, Hydrogei^ 
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«s far as it has been investigated always shows this increase in 
the value of the product P V, and not tlie diminution. The first 
of these deviations from the theoretical laws is explained by the 
-assumption that the particles of the gas at temperatures much 
above that at which liquefaction tabea place exei-t au action upon 
■each other, showing itself as an attraction, becoming stronger 
the more frequently the particles strike one another. The de- 
viation ill the opposite direction finds its explanation in the re- 
■dnction by increased pressure of the space between the particles, 
and not of that occupied by the particles themselves. The 
proportion which the latter bears to the total space occupied by 
the gas, increases with the pressure. 

Van der Waala has shown that both these deviations fram 
Boyle's law afford an explanation of the lack of exact proportion 
to the absolute temperature and the changes in pressure and 
volume with alterations in temperature. 

The kinetic theory of gaaea, although it still requires further 
■<?xtension and farther experimental investigation, is capable of 
giving a very satisfactory explanation of the behaviour and pro- 
perties of gases; consequently this theory, in opposition to which 
=a.t first many facts were cit«d, has now received general accept- 
■^nce and recognition. 

). Uixture of Gasei. Diffasion. Effaaion. Transpiration. 
two or more gases come in contact with one another, 
ich will flow into the space filled by the others, even when 
*iliey are both under the same pressure. The origin of this 
"»^r^ixing or diff'usion is tlie exceedingly great velocity of the par- 
■fcicles, which, as already mentioned in § 88, despite its magnitude, 
-*^^m only effect a slow and gradual admixture on account of the 
*x-e(jiient collisions of the particles with one another. The diffu- 
'siin takes place most quickly with gases of small molecular 
"^i^ eight, the particles of which have consequently greater velocities. 
Tn this respect hydrogen far exceeds all other gase.s ; the rate of 
^iffnaion depends also upon the dimensions of the particles of 
tlie several gases themselves ; since they form the barrier opposed 
*o the free movement of the gaseous particles. It follows, there- 
fore, that for any particular gas the nature of the gas into which 
It diffuses is important, and its rate of difl'usion, therefore, is 
determined by the nature of the other gas. 
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Hie flow tliroagfa a aairow ttpetung in ft very thin 
described as ' Vision ' bv Graham, takes place with 
wbtcb are invendj as the sqiuire root of the densities, and am 
ooosequeDtlf proportioiial to the velocitifits of the rectilinear 
motim of the particles. This property may therefore, as was 
propoeed by Bansen, be utilised to measure these velocities ao«J 
aim to determine the molecular weights. 

{ 9L Wi^ng of Oaaet and Liquids. Absorptioii of Oaiet-' 
^^hen a gas comee in contact with a liquid, then, as a rule, 'h& 
gae paeeee into the liquid as it would into a vacuum or a spa'^ 
already filled by another gas, whilst at the same time the liquiil 
(•paporates to some extent into the gas. The taking np of tlis 
gas by the liquid is, when there is no chemical action between 
the two, spoken of as absorptioji. It is, however, frequeatly 
difficult, if not imjKsaible, to draw a sharp line of distinction 
between absorption and chemical combiuation. The solution o' 
a gas in a liquid ia spoken of as absorption when it takes place 
in accordance with Henry's law, i.e. when it is proportional t" 
the pressure of the gas, and is described as chemical combinados 
when it ia independent of the pressure. There are many in- 
stances which stand midway between these two extremes, in 
which whilst the amount of gas absorbed varies with the 
it is not proportional to it. Such cases will be considered Utef 
in the liiscuBsion of chemical change (^ 92 et xeq.). 

'J'rue absoiiition, which is jiroportional to the pressure, takes 
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i very siowly v/hen the gaa is ia simple contact with the 
iCB of the liquid. When the two are brought into more 
intimate contact by shaking, then the absorption takoa place 
rapidly. The absorption of the gas by the liquid proceeds until 
a certain relation between the density of the gas absorbed and 
that of the anabsorbed gas ia reached, at which point equilibrium 
between the particles of gaa absorbed and passing out of the 
liquid ia maintained. This relation is called the meffinent of 
absorption : it is dependent upon the nature of the gas and of 
the liqnid, and also upon the temperature. Many liquids, as for 
example mercury, and possibly other molten metals (perhaps with 
the exception of silver, which absorbs oxygen), are practically 
impervious to gases ; others absorb but little; whilst others, again, 

t»re capable of absorbing considerable proportions of gases. The 

Billowing table contains the coefficienta of absorption by water 

' several gases at 0" C, 10° C, and 20° C, as found by 



'Hi 
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- 


va. 1 10° c. 


.-c. 1 




001113 


0-0200 


0-0207 I 


Nitrogen .... 


0-OlK)3 


00167 


0-0150 


Carbon Monoride . 


0'0329 


o-o%n 


0-0348 




0'041I 


00337 


0-0305 


Marsh Gaa 


O'06i5 


0-0*53 


0-03T6 


OleliantGM . . . 


0U563 


0-1904 


0-1597 


Hitreos 0»de . . . 


1-3053 


0-9532 


0-7191 


Carbon Dioxide 


l'r967 


1-3281 


0-9674 



These numbers show that the quantity of gas taken up by a 
=niiit volume of water is in some cases greater, in others consider- 
I ably less, than is contained in an equal volume of the free gas 
itself. In the case of hydrogen the amount of gas absorbed 
by the unit volume of water is about 2 per cent, of the quac- 
tity of hydrogen contained in the unit volume ; in fact, this 
proportion is maintained for parts by weight or for volume, 
aasuming that in the latter case the volumes are measured under 

I the aame conditions of pressure and of temperature as those at 
which the absorption takes place.' 
A litre of water at 10" absorbs only 20 c.c. of hydrc^ea 
' For practical reasoDS BaDSeri measnres all the gas absorbed at 0°^ oonse- 
flnentlyhia coefficients at 10° and 30° would dilTer somewhat from thnse given 
.tat" ■ 
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16'7 c.c. of nitrogen, 33-7 c.c. of oxygen, but takes np aa mael 
aa 1228'1 c.c. of carbon dioxide. 

A comparison of the coeEBcients of absorption with 
critical temperatures given in § 86 shows that the order is ver 
nearly the same, and therefore those gaaea which reqnire for 
their liquefaction the greatest cooling and pressure are the least 
easily absorbed by water. Absorption of gases by liquids wonld 
therefore appear to be a phenomenon analogous to that of their 
liquefaction. It is further to be remarked tliat the nnit gM, 
which doea not under any conditions show a decrease in P. V, with 
increase of pressure (§ 89), viz. hydrogen, exhibits no diminn^ 
tion in the coefficient of absorption with a rise of temperatnifl 
from 0-20° C. ' 

Absorption would appear, therefore, to proceed as follows :' 
a certain fraction of the gaseous particles coming in contact | 
with the liquid is taken up by the liquid, the proportion b 
the greater with the more easily liquefied gasea. On the other 
hand, a portion of the gas is always given off again, and eqnili- 
brium is established when as much passes out as is taken up 
by the liquid. If the pressure on the gas is increased, then so 
many more particles impinge on the liquid in a given time, and 
consequently more is absorbed ; when the pressure is reduced, 
then more particles pass ont than in, until a new condition of 
equilibrium is established. 

From a mixture of gases each gas is absorbed as though it 
alone were present, and therefore in proportion to its coefficieotj 
of absorption and its share of the total pressure, which Bnnse 
has described as the ' Partial Pressure.' 

§92. Chemical Change. — The phenomena diacussed in I 
foregoing aection are concerned with changes affecting th&l 
aggregation of molecules, but not of the molecules themselves, , 
in which the nature of the atoms entering into their composi- 
tion undergoes a change. The changes in composition of the 
molecules themselves form the true chemical phenomena, or, 
as tbey are usually styled, ' chemical decompositions.' 
element and every compound is capable of such change, 1 
in varying degrees. Whilst many substances resist in a r 
able manner all tendencies to produce changes in their compotd^ 
tion, others are ao unstable that they retain their individnalitj<| 
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r<oiilj under very special conditions, and are destroyed by tJie 
slightest alteration in external conditions. Between these ex- 
tremes every possible and conceivable state of stability and 
instability is known. 

Chemical changes may assnme different forms, which are 
■characterised by the alterations in the molecules produced by 
the changes. 

(1.) A molecule may be formed by the immediate anion of 
the atoms (pure synthesis). 

(2.) Or it may be resolved into atoms, 

(3,) Two or more molecnles may combine to form a single 
molecule. When the molecules are alike, the phenomenon is 
spoken of as polymerisation ; e.g. 

I 3C,H,0 = C.H^Oj 

r S mols. of aldehjde 1 mol. of paialilebjdo. 

"When the molecules are different, the combination is described 
■as ' addition,' e.g. 



r 



Hg + CI, = HgCl, 

Mercury Chlorine Corrosive sublimate. 

C,H, + Bp, = C,H,Br, 

Ethylene Bronuoe Ethylene bromide. 



J.) On the other hand, a molecule may split up into several 
^^tliers, either like or unlike. The change when permanent is 
"^^Scribed as 'decomposition,' and as 'dissociation' when the 
pr-oducta of decomposition reunite on withdrawal of the cause 
producing the change. 

(5.) A substance may withdraw a constituent from another 
^iii\)stance, or expel a constituent and take its place. The follow- 
ing changes, 

HgBr, + Clj = HgCl, + Br, ; Cd + HgCl, = CdCl, + Hg, 

may either be interpreted as the expulsion of bromine by chlorine, 

, of mercury by cadmium, or as the chlorine withdrawing bromine 

I from meraury, and the cadmium withdrawing the chlorine. The 

I replacement of a substance {e.g. bromine) by another (chlorine) 

is described as ' substitution ' of the second in place of the first. 
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(6.) Hie nuMt (reqnent form of dKrakal dnoge b 
doobfe deeompositioii,' in which two f^abatan 
le of their coastitaents, tjj. 

HH + CICI = HCl + HCl 

HI + AgC! = HCl + AgI 

C^.OH + HONO, = C^jONO, + HOH. 

Alcohol Nitric acid EUtjIiihme Water 

Formeriy, many of the changes belonging; to this category were 
regwdeci aa syntheses or additions, hot such views are now re- 
garded at emmeoDs, ejj. 

H+ei = Ha, or H + Cl =Ha. 

(7.) Triple and even more complex interactions are not 
infteqnent ; e.(j., the oxidation of carbon monoxide (according 
to Dixon), or of metals f^according to Traabe), by moist oxygen, 
the bromination of benzene by the agency of ferric chloride 
(according to Scheufelen), and even the solntion of zmc in, 
dilnte salphuric acid : 



I 



00 + 0'iH, + OiO + H,IO + CO = CO, + H,0 + OH, + CO, 

Zii + 2 (OH! H) + OiO = Zn (OH), + H,00 

0, H, + BrBr + F60I, = C, H, Br + HCl + FeCI, Br 

HOjH + Zn + HiOSO, OH=H.H + HO ZnOSO.OH. 



I 



Considering the final result of the first change, one niigt»t 
conclude therefrom that oxygen and carbon monoxide aloO-* 
take part in the action, since there is aa mnch water present ^* 
the end as there was at the commencement of the action. TbJ^ 
view is nevertheless incorrect, as it has been shown that thi® 
oxidation does not take place in the absence of water, or, if at ali. 
only at high temperatures, 

(8.) A rearrangement of atoms may take place in the mole- | 
culea themselves, resulting in a change of the atomic linka^ ; j 
such cases are described as metameric changes, e.j. | 



0-TC~N— NH, = 0-0<^S> 

— — — \N^ 

N=C— S— NH. = SZ0<^5» 

Ammoninm thiocjatiMc TLio-sm 

Ab a matter of &tct, many of theee main fonna of cbemical 
change frequently occur simnllaneoDsly ; conseqnently the com- 
plete change may be a very complex one. 

§93. Caoseiof ChemiealChaiife.— Every chemical compotmd, 
if left to itself, would in all probability remun unaltered, retain- 
ing its composition and properties for all time. Alterations in 
composition may be prodnced by external causes of different 
kinds. The ability to withstand the action of such agencies is 
described as the ' stability ' of a chemical compound. The sta- 
bility varies within the widest limits. Compounds are known 
in which, the atoms being in a condition of unstable equilibriom, 
the slightest change, such as shaking or a touch, suffices to disturb 
^eir urangement'and induce a decomposition ; whilst in others 
^^e mode of arrangement is so stable that they withstand the 
KiBction of the strongest and most powerful agencies. 
f The following are the main forces active in effecting chemi- 

•^al changes: (1) mechanical disturbance, (2) heat, (3) light, 
(4) electricity, (5) the action of other substances, which action 
:is usually ascribed to their powers of attraction or affinity. It 
is seldom that one or other of these causes is alone active ; 
-consequently it is difficult to distinguish and separate their in- 
dividual effect. Heat is always concerned in such changes, for 
Tve are unacquainted with any means whereby all the heat may be 
•withdrawn from a body ; and, moreover, it is highly improbable 
~that, supposing its particles perfectly motionless, a substance 
L'^ould still be capable of undergoing a chemical change. 

§ 04. Heat as Cause and Effect of Chemical Change. — The 
lielation between heat and chemical change is a very intimate 
I, 80 that not only is heat productive of chemical changes, but 
Et rule is a coneequence of such actions, and is either positive 
W^ negative, according to whether in the change heat is prodnced 
r used np. 

The mode of action of heat in producing and favouring 
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chemical changes is easily understood ; since heat consists 
rapid moveinent of particles not only of the molecnles but also 
of the atoms composiDg them, it follows, therefore, that with the 
acceleration of this motion the atoms move farther and farther 
apart, and thus the coherence of the molecules is gradually 
loosened, and finally destroyed. It is not essential that the 
molecule should be thus broken down into single atoms ; but 
these may, in consequence of the loosening of the already exist- 
ing bonds, and their altered positions, find opportunities to en' 
into new states of combination, producing in this maimer com-' 
pounds more stable at the higher temperature than the original. 
In the case of more complex changes in which several substances 
take part, heat may, by loosening the bonds of union holding- 
the atoms together, facilitate the action, and thus bring aboab 
the change, which might perhaps not have taken place withoafc 
the aid of heat. 

The mechanical theory of heat was at one time supposed tot 
give a satisfactory explanation of the production of heat in chemi- 
cal changes, this heat -production being regarded as due to 
the affinity, the force by which the atoms were supposed to b* 
mutually attracted to one another. Assuming that the atomft 
are provided with these forces of attraction, which are only 
effective at abort distances, then the atoms will obey these forcea 
eo soon as they are brought within the sphere of their mntnal 
action, and will acquire velocities which will become greater th»' 
stronger the attraction and the smaller the mass to be moved. 
When the atoms clash with one another, then their kinetic 
energy must either become converted into heat or some other 
form of motion, or do work, i.e. move some mass under th« 
influence of opposing forces. If heat is produced, then thi*. 
will be greiter in proportion to the strength of the activ» 
affinities, and this heat must therefore ofier a very suitable 
means of measuring the strength of these affinities. When work 
is done, then, as a rale, this work consists in overcoming thft 
forces of attraction of some other atoms, and consequently th* 
atoms so held together are expelled. This very plausible theory 
was for a long time received as the true explanation, but 
only tenable so long as no reliable method existed for 
ing the strength of the affinities. So soon as it was possible 
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zioke sncli measurements it became evident tlmt t!ie greatest heat^ 
"production ia not. necessarily associated with the most power- 
ful affinities, and therefore the calorific effect is not a suitable 
measure of the combining power. Further, it has been most 
clearly shown that the amount of heat produced depends upon 
tlie changes of state in each of the reacting substances, and not 

upon the reciprocal action of two bodies, and therefore not on 

Itiieir mutual affinity. 
Since the early conception of the origin of the heat of com- 
liitiation must be abandoned, there only remains the hypothesis 
that this heat has its origin entirely or in part in the motion of 
the atoms, which they lose when combination takes place, and 
which must be imparted to them when this union is destroyed. 
It certainly may be assumed that this heat, at any rate in part, 
18 the product of the forces of affinity ; but such an assumption 
is at the present time quite useless, and only complicates the 

I problem unnecessarily. 
Inasmuch as the hope that the heat produced or used up 
in chemical changes might be utilised as a measure of affinity 
has not been realised, the investigations of these calorific actions 
declined in interest, but are now again becoming important, aa 
the numerous results of observations in this field are studied and 
investigated free from and unprejudiced by preconceived notions, 
with the object of learning something of the changes in state 

which accompany chemical action. 

§ 95. Propagation of Chemieal Change. Temperature of 
I^ition. Explosion. — Whether a chemical change produced at 
any given point in a body or a mixture will spread throughout 
its mass depends as a role not only upon the cause of the change, 
but also upon the heat produced by the action. For instance, 
Napposing a mixture of a combustible gas and oxygen be heated 
at any given point by an electric spark, or any other means, to 
such a degree that the combustion begins, it does not necessarily 
follow that the burning will spread throughout the whole of 
the mixture. Whether it does so depends upon the amount of 
heat produced by the combustion. If this suffices to raise the 
immediate layers of combustible material to the temperature 
required for its inflammation, i.e. to the ' temperature of ignition,' 
then the^ layers are burnt up, and in turn yield heat sufficient 
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to ignite the next stistnm, and a> on until the whole is c 
snmed. Since, however, in cases of this kind a portion of t 
heat prodaced is always given out either by radiation or < 
dnction to the Burronnding bodies not concerned with thai 
reaction, it may happen that the progreas of the comboation is 
int«iTQpted before the entire mass has been attacked. This 
will be the Ifss liable to occur the more the heating consequent 
upon the reaction exceeds the temperatore of ignition. In case 
the mixture contains non-combnstible bodies, e.t]. nitrogen, 
then, as snch bodies have their temperatures raised at the 
expense of the heat produced by the combustion, the tempera- 
tnre is thereby reduced, and with a considerable admixture of 
such bodies the temperature may sink bo low that the advance 
of the combustion ceases. Every combustible mixture may^ 
therefore be rendered noo-inflammable by the admixture of »l 
BufBcient quantity of non-combostibte material. If no snch 
disturbing inflnences are to hand, and the heat of combcstion be 
great, then the heating may rise far above the temperature of 
ignition. Further, if the products of the combustion are gaseons 
or vaporous, then a considerable sudden expansion results, whicl^ 
may increase until it becomes an explosion. jj 

Something of the same kind takes place in the case of sab^l 
stances which can be exploded by mechanical disturbance or by| 
percussion. This property is alone exhibited by substances ia jj 
which the atoms are in a state of more or less unstable equi- 
librium, from which condition they can pass with production of 
heat, or corresponding amount of work, into a more stable state 
of equilibrium. Examples of this class of bodies we have in the 
chlorine, bromine, and iodine compounds of nitrogen, in the 
organic nitrates and nitre-organic compounds. When such 
bodies yield gaseous or vaporous products of decomposition, 
and produce much heat, they may also act as explosives. 

The liquid chloride of nitrogen, for instance, is decomposed 
by very slight causes ; this decomposition is expressed by the 
following equation : — Jj 

NC!, + NCI3 = N, + CI, + CI, + Clj. ' 

This action is attended by a considerable heat^prod action, 
and consequent marked expansion of its gaseous products. 
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^B Cljcetyl nitrate (commonly bnt erroneously described as nitro- 
^ft gljceriae) CjH,;(ONO,)j, in which ^, or in reality ^, of the 
^H oiygen jg combined with the nitrogen, yields gaseous and 
^H Tsporons oxidation products of carbon and hydrogen, whilst 
^H toe nitrogen is also set free in the gaseous state. This decom- 
^H position can be brought abont by percussion or detonation as 
^g well as by heat. If the nitrate be ignited in an open space, it 
P bums slowly and quietly, for the gaseous products pass freely 
atmy. If the nitrate be enclosed so that this free passage is 
pppyented, or if it be ignited by a powerful blow^ then the 

I ^"Violent shock and pressure produced will immediately decompose 
Btie particles near those first struck, and thus the decomposition 
"will spread in the form of an explosion. Kthe decomposition 
■^oes not produce heat or do work sufficient for its extension, 
"then the reaction ceases. 

These explosives are quite analogous to gunpowder, with the 

«ngle exception that in the case of gunpowder the combustible 

■<3on8tituents, charcoal and sulphur, are only mechanically mixed 

"Witb the nitre, which contains the oxygen, whilst in the former 

"the oxygen is combined chemically with the other constituents. 

§ 96. Dissociation of Gases. — One of the simplest forms of 

^^ctemical change, which is in the main produced by heat, ia 

^^^W which H. Sainte-Claire Deville styled dissociation. Dis- 

^Bpociation is characterised by the decomposition lasting only so 

^BJoag as the cause ia active, the substances returning to the 

wiginal state on withdrawal of the cause. Many substances 

^re found to undergo dissociation; still it is often difficult to 

"bserve and demonstrate the dissociation. More especially ia this 

tile case when very high temperatures are needed to bring about 

'ae decomposition. In many ijiatances the action is associated 

^^th a change in colour, and can be recognised by this; thus, 

'T example, the colourless vapours of nitrogen peroxide, N^Oj, 

'^'^Seociate into dark brown vapours of NO,. Dissociation is 

■^Cognisable in the increase in the number of molecules resulting 

"■om it ; for, as Avogadro's Law still holds, the density of the 

8*s or vapour is also altered. In the caae just mentioned, viz. 

N,0, = NO, + NO,, 
th.© number of molecules, and consequently the volume, is doubled, 
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and tlierefore the density is reduced to one-half. Observatioi^l 
have, however, shown that this change does not occnr suddenly, 
but takes place gradually as the temperature rises, so that the 
progress and extant of the dissociation may be calculated fixim 
the changes in volume and density. 

The density of the compound NOj in relation to air is 1'59 ;, 
therefore that of the non-dissociated compound, NjO^, is twice as 
great, viz. 3-18. Mixtures of these two, such as are produced 
by the dissociation, would have densities lying between theaft 
values ; the more nearly the observed density approaches the 
lower value, the more advanced the dissociation. If in 100 
particles, x have been dissociated, and therefore 100— k are still 
unaltered, then we have 

100 (NjOJ = (100-ib) Np, + 2a!N0,. M 

Consequently there are now 100 + x particles instead of lO^B 
the volume is increased hi the proportion of 100 ; lOO + a;, and 
the density, D, decreased in the inverse proportion, viz. of 100- 
-i-x : 100. To determine x, the percentage of dissociation, we-^ 
have the following proportion ; — ^M 

lOO + ic: 100 = 3'18 : D H 

.-lOOx^l^^-^. 1 

By this formula the percentage of dissociation can be calon^J 

lated for every observed density ; in this way the following valaei^ 
have been obtained : 
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39-8° 
49-6° 

eo2° 

70-0° 
SOB" 
900° 
100-1° 
111-3° 
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2-27 
2-08 
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1-72 
1-68 
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1-62 
1-60 
1-68 
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98-69 
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0-81 / 

110 

121 

1-30 
1-04 
0-88 
0-44 
0-31 
35 
0-18 
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The average increase in tlie dissociation for each degree 
centigrade rises until a ojaximuin is reached, when the disHocia- 
tion is aboat half completed, and then it gradually diminishes, 
until at 140" C. the dissociation is complete. 

One might imagine that the dissociation having once begun, 
it most be suddenly translated through the mass so soon as the 
temperature required for its commencement has been reached. 
That this is not the case finds an explanation in tlio fact that 
in consequence of the frequent and irregular collision of the 
particles they do not all retain an equal velocity, and as the 
temperature is determined by this motion, the particles have 
not all the same energy. The particles having the greatest 
energy, i.e. those in the most rapid motion, are tirst dis- 
sociated, and those having the least heat-motion will be the 
last to dissociate. What we measure as the temperature of a gas 
is only the mean or average temperature of all the particles; 
some of the particles may have temperatures differing con- 
fiiderably from this. As great differences are seldom found, but 
smaller differences more frequently occur, dissociation will pro- 
ceed most rapidly when the mean temperature is the same as the 
temperature of dissociation. At this temperature 00 per cent, 
of the entire mass is dissociated, and in the case of nitrogen 
;Eieroxide this point is reached at 60° C. 

When the temperature of dissociation is too high to permit 
«3f exact measurements of density, then, in order to make it 
evident, other means must be employed. Deville has employed 
■Qinny ingenious devices for this purpose. For instance, by 
diffusion through porous septa he separated the hydrogen from 
the oxygen formed by the dissociation of steam at a vfhits heat, 
wMch gases, if not separated at this temperature, would recom- 

Ioine at a somewhat lowei' temperature. By rapid cooling carbon 
monoxide and carbou were separated from the dissociated carbon 
™oxide, and chlorine in a similar manner was obtained from 
V^'rochloric acid gas. 
Bunsen has shown from the pressure produced by the ex- 
plosion of a mixture of two volumes of hydi'ogen and one volume 
oxygen that combination ceases as soon as the temperature 
Ma reached about 3000° C, and therefore above this temperature 
•team cannot exist, but is resolved into its elements. Whether 
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in this decomposifdon tbe molecules are resolved into ato 

thuE, 

H,0 = H + + H 

or whether elementary molecules are formed, 

2H,0 = 2H, + Oj 

has not as yet been Batiafactorily determined. 

On the other hand, it is known that the partial decomposition 
of hydrogen iodide into hydrogen and iodine takes place at 
440° C, whilst the decomposition of the iodine molecules into 
atoms begins at 600°, and that of the hydrogen molecnle, if at all, 
at mach higher temperatures. So it is probable that the dissocifr- m 
tion of hydrogen iodide at 400 — 500° C. takes place aa follows :-^ 

2HI = HH+n. 

The compound is, therefore, not resolved into atoms, and ti 
decomposition is not a case of simple dissociation, 
instance of a chemical exchange. 

§ 97. Dissociation of Liquids and of Solids. — Liquids, h 
homogeneous and missd, undergo dissociation just as gases dojJ 
but in the case of liquids it is less frequent, and also much i 
difficult of demonstration. Still, the colourless liquid nitrogt 
peroxide, N^O^, is observed to assume a reddish colour when" 
warmed ; showing that even in the liquid state, as is the case 
with the gas, it is dissociated into the red compound, having -; 
half the molecular weight and the formula NO,. Liquids, and 
many solids also, are frequently dissociated when boiled. Con- 
centrated sulphuric acid is not volatile as such, bnt at 325° i 
resolved into the anhydride and water, thus : 

H,SOj = SO, + H,0 

iiiid these compounds on cooling reunite with each other. 

This volatilisation is not true boiling, and therefore everrm 
under reduced pressure it takes place only at the same tempers — 
ture asonder the atmospheric pressure (Mendel6eff). Carboni* 
acid, HjCOj, and snlphnrous acid, HjSOg, exhibit a similar d»i 
composition, but at much lower temperatures. 
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Chloral hydrate when vaporised decomposes into chloral and 
rater, thus : 

CCl^CO^H, = CCljCOH + HjO 

and these recombine on cooling. The iodides, bromidea, and 
chlorides of many tertiary alcohols behave in a similar manner ; 
thus, amyl iodide yields amylene and hydriodic acid : 



■com] 

^F The salts of ammonia and of substituted ammonias form a 
group of compounds wbich can only be volatilised by first under- 
going dissociation. Thus ammonium chloride is decomposed into 
ammonia and hydrochloric acid : 



Inorganic chlorides, bromides, and iodides exhibit dissociation, 
. phosphorus pentachloride : 

PCls = PCl, + CI,. 
Phosphorus pentafluoride is, however, volatile without de- 



■ •acl tetra-ethyl 
buid ethyl iodide : 



iodide is resolved into tri-ethylai 



N (C.HJJ = N(0,H,)3 + CjHJ. 

In the case of many liquids it has been observed that the 
aity of their vapour is much greater at temperatnrea near 
their boiling pointa than at higher temperatures. Thus, accord- 
'Og to Cahonra, the density of acetic acid vapour at 250° C. is 
''08, air being the unit, which gives a molecular weight corre- 
sponding to the formula CJlfi^. At 125° C. the density is found 
to be 3'2 in comparison with air. This is generally explained 
''y assnming that at the lower temperature the vapour consists 
"* part of particles of greater molecular weight, e.g. O^HgO^, 
"hich are dissociated by further heating, as also by reduction of 
™B pressure on the vapour. 

Sulphur, aluminium chloride, and many other substances 
B in a similar manner. 
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§ 98. Dissociation in Solution. — Dissociation may be more fre- 
quently observed in mixed liquids, in solutions, than witb homo 
geneouB fluids. The occurrence may be evidenced by a changes 
in colour, aa, for instance, when a coloured hydrated salt lose^^ 
or changes its colour in consequence of a losa of water (cf. § 78)_ 
Thus the red compound CoClg + 6HjO dissolves in water, andE 
also in dilute spirit, forming a red solution ; but on warming th p«= 
solution becomes blue, either because an anhydrous compouniKn 
or one containing less water is produced. On cooling the solutions 
the red compound is again formed. 

Crystallisation may in many cases be used to prove diasocia 

tion. At low temperatures from a solution of sodium sulphate == 
Glauber's salt, Na^SOj + lOHjO separates out; whilst at 33' C 
the anhydrous salt Na^SO^ is deposited. Many other salt^sa 
behave in a similar manner. 

In the case of double salts and analogous compounds dis 

sociation may be demonstrated, as has been done with gaseou^^ 
compounds, by difl'usion. For example, if an open vessel fille^^ 
with a solution of alum, KjSO^, Al^, (SO J, + 24H3O, be place^^ 

in a larger vessel filled with water and allowed to remain, then 

according to Graham's observations, in course of time the uppe^^ 
layers of water are found to contain more potassium sulphat*^^ 
and less aluminium sulphate than correspond to the compositioKm 
of the alnm. The two simple salts have, therefore, separat«^c£I 
from each other in the solution ; the double salt has been di^ — 
sociated. This separation takes place because the potassinnaa 
salt diffuses more rapidly than the aluminium sulphate, an.«3 
therefore passes out before the other ; the separation is conse- 
quently only recognised at first, as later on the inequality is 
compensated for. Almost all double salts behave in a similar 
manner, bnt their dissociation can only be demonstrated wbenj 
the products have different rates of diffusion. 

§ 99. ElectrolysiB. — Electricity offers a very powerful meansT 
of separating the dissociated products from one- another. It baa 
been known since the end of the last century that when an 
■electric current is conducted through certain liquids the con- 
stituents are separated from one another at the points where the 
electricity enters and leaves the liquid. Faraday, to whom wp 
are indebted for the investigation of the fundamental taws of 
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^ ^is phenomenon, styled this kind of decomposition ' electrolysis,' 
i.e. analysis by electricity. Those substances capable of under- 
going this species of decomposition are styled ' electrolytes,' and 
■described as 'conductors of the second class,' conducting 
■electricity only when simultaneoosly decomposed, and are dis- 
tinguished in this way from (1) the ' conductors of the first 
class,' or ' metallic conductors,' which allow the passage of 
electricity without decomposition, (2) from the ' non-conductors,' 
or ' insulators,' which do not conduct electricity at all. The 
conductor of the first class, which serves to bring into and carry 
away the electricity from the electrolyte, is styled the 
' electrode ' (from rj oSdr, the way). The electrode situated up- 
stream as regards the positive current is called the ' anode,' whilst 
that situated down-stream is styled the ' cathode.' Finally, the 
constituent passing up-stream and deposited at the anode is 
called the ' anion ' {to avtov), whilst that going down to the 
Cathode is the 'cation' (to Kariop). Both are spoken of as the 
' ions.' 

For a long time electrolysis was regarded as the result of the 

decomposition of the electrolyte by electrical attraction, until in 

1 857 Clausius adduced the proof that electricity is not the cause 

^f the decomposition, but that it can only effect the separation 

■^f the constituents of compounds already decomposed by the 

Action of other forces. For if electricity is needed to effect the 

decomposition of a compound in which the constituents are held 

*^gether by the force of affinity, then electrical energy in the 

^^ondnctor cannot produce the decomposition so long as it 

Remains weaker than the affinity, and must, therefore, give rise 

*<) a very violent decomposition so soon as its strength somewhat 

"Exceeds this. Experience, however, shows this not to be the 

^^ase, for the smallest force produces a current the intensity of 

I "Which increasing in proportion to the force is sufficient to cause 

^. the ' ions ' to collect together at the electrodes, or, as it is teckni- 

^' *ally described, to produce the 'polarisation at the electrodes,' 

; Since, therefore, the smallest electromotive force is sufficient to 

, 1 Produce this effect, no expenditure of force can be needed for the 

. ; decomposition of the electrolyte ; this must have already taken 

r, place, the electrolyte must have been dissociated. This diasocia- 

, ' tion must have an origin similar to that spoken of in the 
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prececliag aectiona, and have been wrought by the rapid motiot^cxr < 
of the particles communicatied as heat to the aabstancaa. 

The recent investigations of Arrhenius have drawn att.pintinn»— ■-. 
to the fact that electrolytes are exactly those anbstances which^ -mri 
as already shown in § 78, produce a greater depression in tht^^Jt 
freezing point of water than is consistent with the proportion in n^ n 
the solution of their molecules as represented by the generallj^i^^j- 
aocepted formnlte. Thus, whilst in the case of non-electrolytes -^ss, 
when their molecular weights in grams are dissolved in e^ ft 
litoe of water, giving a so-called ' normal solution,' the freezin^^^ g 
point of water is depressed by— 1-8° C, the haloid salts of th^ _«ie 
alkalis, for instance, give twice as great depression, for 



i 



NaCi - 3-5°, KCl - 3-3, etc. (v. § 78). 

If it be assumed that these salts are entirely or in part dis— ^^- 
sociated, in the following manner, 

NaOl = Na 4- CI, KCl = K + C! 
then the depression of the freezing point would appear to b»- ^oe 
normal ; for, as there are twice as many particles present, th^ -■& 
depression of the freezing point must be twice as great as in th^» -e 
case of substances which are not dissociated. 

At first sight it does appear not a little remarkable that th c-^ & 
substances which are supposed to decompose so easily should h^^- e 
exactly those which are formed by bodies uniting with on^— » 

another with considerable energy, and to which consequent! v 

strong mutual affinities are ascribed. A further consideratio* 
shows, however, that these very same substances take par- 
easily in the most diverse kinds of chemical change, and therefor- 
their constituents cannot be so firmly and indissolnbly attach*-^ 
to one another. Clausius did not suppose that when, for instanc^^, 
common salt is dissociated into sodium and chlorine, tb«« 
individual atoms are permanently sat at liberty, but rather was 
of opinion that reunion and decomposition recur continnallj'. 
each atom combining not only with the one with which it w 
previously united, but with any othora which it may meet in the 
throng of atoms. This conception would appear still to b* 
permissible ; making clear, as it does, why in a solution of J 
common salt we find neither free chlorine nor free sodinm, sc f 
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Hong as they are not brought together at the electrodes by the 
of an electric currant. 
5 100, Faraday's Law. — According to the law discovered by 
f-Taraday, the passage of electricity from one electrode to the 
otiier, through the electrolytes, takes place in such a way that 
for a certain nmount of electricity passing through 'the electro- 
lyte a given fixed quantity of each ' ion ' separates out at the 
-electrodes; so that the ionss are not only equivalent to one 
-another, but also the amount of each liberated is proportional to 
the quantity of electricity passing through the system. From 
this we must conclude that every equivalent weight of the ions 
-can be chained by a fixed and definite amount of electricity, 
which it carries through the electrolyte from one electrode to 
the other ; just as a ship takes up a given load and carries it 
-across the ocean. The anode charged with positive electricity 
gives up positive, the negatively charged cathode an equivalent 
■quantity of negative electricity. The electrolyte takes up these 
■charges, but in return dischai^^ an amount of each ion equiva- 
lent to the electricity at each electrode, at the anode the 
fllectro-negative anion, e.g. chlorine, and at the cathode the 
■electro-positive cation, e.g. sodiam, is discharged. 

The origin of the distinction of the ious as positive and 
negative is to be found in the observation mentioned in § 37, 
that different substances when brought in contact with one 
another become electrically excited, one becoming charged with 
positive, the other with negative electricity ; and the greater the 
■difference in the chemical characters of the substance, so much 
the stronger is the charge ; and, farther, those substances which 
by such contact become eiectro-negative in electrolysis appear 
as ' anions ' ; conversely, the electro-positive appear as ' cations.' 
'The hypothesis has been advanced that ions united with one 
another in compounds are charged in like manner, and retain 
their charge even when dissociated. Such a supposition ex- 
plains how it comes about that the positively charged anode 
^Bahould attract the negatively charged anion, and that the 
^Ksation should be drawn to the cathode, the electrodes repel- 
"■^ng the ions charged similarly to themselves ; consequently one 
receives an impulse in one direction, the other in the opposite 
directdon. When the attracted ion comes in contact with the 
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electrode the opposing eleetricities neutralise one another, and 
the ion remaina in an unelectrified state. Now two ions, e.g. 
bwo chlorine atoms, which were previously charged with the 
same kind of electricity, and in consequence would repel one 
another, may combine to form a molecule of free chlorine, Clj, 
and as such appear at the anode. 

By this discharge of electricity at the electrodes the liquid 
receives at these points an excess of the opposite electricity, that 
is, of the same kind as that with which the electrode is charged, 
and this moves with the ions through the electrolyte to the other 
electrode. For the transport of the electricity it is not necessary 
that the particles repelled by one electrode should reach the 
other. This movement takes place simultaneously throughout 
the whole of the electrolyte situated between the electrodes, the 
cations going always with the current, the anions against the 
stream ; and this takes place in snch a way that in every sectiooat 
area of the current there is as much electricity passing in a 
given time as through any other similar section, namely, as much 
as each electrode gives off or takes up respectively, 

§ 101. RelationBhip betveen ConductiTity and Dissociation. — 
As the electricity is transferred by the ions, and can only pass 
through the electrolyte by their aid, the undecomposed molecules 
taking no part in the transport, it follows that only substances 
capable of dissociation can act as electrolytes ; and, further, thev 
must conduct the more readily the more advanced the dissocia- 
tion. In fact, Arrhenius baa shown by numerous examples that 
all electrolytes described in § 79, whose aqueous solutions give 
an abnormal depression of the freezing point, are therefore 
partially or entirely dissociated, and that their conductivity 
is proportional to the extent of the dissociation as measured by 
the reduction of the freezing point. Those bodies, such as the 
chlorides of the alkali-metals, which give a reduction, almost 
twice as great as that produced by an equal number of niulecules- 
of non-dissociable substances, are almost completely decomposed^ 
in their dilute solutions, and therefore are good conductors oS 
electricity. In more concentrated solutions the conductivity; 
does not increase in proportion to the amount present, but mors 
slowly, because in such cases the dissociation is not so great. I_ 
the share in the conduction of electricity taken by each molecul - 
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ite calcaiated hv dividing the condnctirity, hy the number of 
tquivaleDt weights (expreesed in gnms) ooatained in tbe nnit 
volume (1 litre), then we obtain a seriea of quotients wliicli 
Kohlraaech has styled the specific molecular cxindnctirity ; ' and 
wbicii increases with increased dilation, and therefore with 
mcreasing dissociation. The conditions arrived afe in } 79 find 
a moat satisfactory confirmation in this bebayioor of electro- 
Ivtea. 

The knowledge of the interdependence of dissociation and 
electrolytic condpctivity enables one to explain the statement 
made by F. Kohlraasch that at the ordinary temperature only 
mixtures conduct electricity, the several oonatitueuts of which 
lire, however, non-conductors. Tbns, whilet a mixtare of water 
nad hydrochloric acid gas is a good conductor of electricity, 
'■ecanse the hydrochloric acid gas is almost completely disso- 
i-iated, still neither pore water nor liquefied hydrochloric acid 
jras is a conductor. At a red heat, when the tendency to 
• lecomposition is greater, many homogeneoua substances are 
electrolytes. 

§ 102. Kigration of the loni. — As the positive electricity is 
alone transported by the cations, and the negative by the anions, 
and as exactly equal amounts of each are simultaneously deposited 
S't both electrodes, one might be inclined to think that what holds 
Irue for the different kinds of electricity will also apply to the 
'^QS, and that equal quantities of each ion must pass simultane- 
ously through any section of the current. This ia, as Hittorf has 
^hown, not the case ; nor is it necessary that it should be, for, as 
far as the transport of electricity is concerned, it is immaterial 
whether a number of positive ions move to one aide or an equal 
dumber of negative ions pass to the other side, A deficiency 
°f one kind may therefore be compensated by an excess of 
*1other. The transference of electricity, however, is proportional 
**■ the sum of the quantities of both the ions deposited; the 
^Wctrolytic conductivity is also proportional to this amount, which 
'^Usequently may be used as a measure of the condnctirity. 

The ratio of the velocities of the anions and cations may also 
°s determined. It is only necessary, after the electrolysis has 

Strictlj speaking, tba addition ' molecular ' is not correct, as the npeaiGc 
given in terms, not of molecular, but of equivalent weights. 
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gone on for a little time, to determine, by an analysis of those p 
tions of the liquid Hnrronnding the electrodes, what qnaatitia 
of each ion have passed through the central and still nnalter^^^st 
portion of the liqnid. Hittorf has made a large series of sn i- -h 
detenntnationfl, and found that the migration of the ions, as 1 i f 
styles it, takes place with very unequal velocities. If the »"■■ m 

and cation were to move at equal rates, then for every sing^ le 

equivalent weight of each deposited at the electrodes one ht^^aK 
of this amount of each must during this time pass through tt~^iii; 
intermediate layers of the electrolyte; for by the comple-^Be 
symmetry of the operation one half of the positive electrici^t-y 
released at the cathode is provided by the positive ions, comim^g 
from the side of the anode ; the other half is thus free, so th ,^Bt 
the negative ions may pass from the cathodes towards tMzue 
anode. This, according to Hittorf 's investigations, happens i5n 
some cases, for example, in a moderately dilute solution -of 
potasflinm chloride, in which for every equivalent of potassiurrt3i. 
K=3903, deposited at the cathode, and every equivalent -^f 
chlorine, CI=!35'37, deposited at the anode, and giving up the^-Ir 
charge of electricity, the half of each of these quantities pas^^s 
from one half of the solution to the other. If now we take ti^e 
case in which, for instance, the cation of au electrolyte is entire? ly 
or almost completely immovable, electrolytic conduction aMud 
decomposition may still take place ; in such a case, however, tT^e 
transport of electricity is effected by the anion entirely, of whicli, 
therefore, an entire equivalent must pass from the side of the 
cathode to the anode, bo that a loss of anion takes place in the 
portion of the liquid surrounding the cathode, and the loss in 
that portion surrounding the anode produced by the deposition 
of the anion is completely compensated for by this migration. 
Moreover, as one equivalent of the cation is deposited at thfl 
cathode, it is evident that the entire expenditure is borne by 
that portion of the electrolyte surrounding the cathode. At this 
point the liquid must become very much diluted, whilst in oth«r 
parts the concentration will remain unaltered. Such an extreme 
case has certainly never been observed ; but all those hitherto 
investigated lie between this and the tirst case considered. 

The number expressing the fraction of an equivalent of an ion 
transferred from one electrode to the other in the time doriDi; 
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isicli an equivalent of each is libeiiited iit the electrodes Hittorf 
bas styled the 'transport nombei, and represents it by '».' 
For example, from a solution of 1 part of crystallised copper 
julphate, CaSO^J-6HjO, whilst 0-2'Joit gram of copper is 
leposited on tlie cathode, 0-0843 gi-am only passes through the 
iitermediate and unaltered layers of the liquid from the side of 
ihe anode to the cathode. In this instance, then, we have n for 

(per equal to 0'285. 
0:0843 ^^.23._ 
Ini 



0'2£t5f 



r Instead of half an equivalent of the metal passing through 
ri unaltered section of the current, little more than a quarter 
This portion of the electrolyte does not contain the 
;ree ions but simply the neutral salt, proving that the ions 
Mtist in equivalent proportions ; it therefore follows that the 
quantity of the anion passing against the current has propor- 
biouately increased^in fact, 07Io equivalent of SO,, thus ; — 
\-n= 1-0'2S5 = 0715 equivalent SO,. 
The sum of the transport numbers of the two ions is 
always equal to unity. They are not quite invariable, but vary 
somewhat with the concentration, and in some cases considerably. 
For instance, in the case of potassium bromide, the ' trans- 
port number ' for bromine changes. For a solution of 1 part of the 
S[ilt in 2'3G parts of water it is 0'493, in 116-5 parts of water 
it is 0'64C. The transport, number of the potassium falls in a 
corresponding manner from 0507 to 0-454. In the more 
dilute solutions the velocity of the bromine compared to that of 
the potassium is somewhat increased. 

§ 103. Velocities of the Ions. — By the aid of these numbers and 
the determinations of the conductivity of solutions, F. Kohlransch 
has calculated the velocities of the single ions. The electrical 
conductivity of a body depends not only on its material com- 
position, but also on its dimensions and the temperature. Ac- 
cording to Ohm's Law it is proportional to the sectional area, 
and inversely proportional to the length of tlie conductor ; in 
electrolytic conduction it nses with increased temperature, but 
decreases with rise in temperature in case of metallic conduc- 
tion. By maintaining the temperature and dimensions constant, 
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in other words, by comparing conductors of exactly the sai 
form at the same temperature, and in the case of liquids usii 
vessels of exact.ly the same width and length, results are obtain' 
which enable as to fix the relation between the conductivity of fL 
electrolyte and the quality and qoantity of ita constituents. 

As pnre water does not conduct, the conducting power of i 
aqueous solution depends chiefly upon the nature and anion 
of the substance dissolved in it, and in fact ia determined, d 
by the total amount dissolved, hut only by the portion dissociat- 
{cf. § 101). If the specific molecular conductivity of such 
solution be calculated, a nnmber is obtained which is dope "WOt 
dent not only on the number of molecules dissolved but al ^ 
upon the extent of their dissociation. Since this dissociaticri* 
is complete only when the dilution is infinitely great, oit ^; 
such diluted solutions should be used for comparison, which ^ 
by no means easily done. These difficulties may be avoid^^ 
by comparing only solutions which contain in a given voluix^ 
not only an equal number of molecules, but contain tbe^ 
in a similar state of dissociation. If this be at least approic ^ 
mately the case, and both conttiin an equal number of ions 
a given volume, the differences in the specific conductivi' 
can only be due to the difference in the mobility of the 
and may, therefore, serve to determine this. 

The specific conductivity X can be represented as the an 
of two values, one u proportional to the velocity of the catio 
the other v proportional to that of the anion ; thua 



Bui &a the proportion of both thes 
transport nurabers, we have 



parts is given by t 



■n representing the transport number of the anion. Two q 
tions are thus obtained for the determination of the unl 



M = (1— )i) X, L'= H . X. 

Calculating by the aid of this expression the ■ 
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and the same ion from the conductivity of ita different com- 
pounds, satisfactory results are obtained, as has been shown by 
Kohlrausch, so long as salts of monobasic acids only are com- 
pared with one another. The following table contains the 
velocities of ions calculated by Kohlrausch and expressed in 
terms of an arbitrary standard, in which X is measured in terms 
of the ten-millionth part of the conductivity of mercury, or the 
latter is set down as 10^ 
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Cu = 31-60 


29 
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21 







If these velocities are expressed in absolute terms, it is then 
^^n that they are very small even under the influence of 
^ strong electromotive force, and the particles move in a second 
throngh a few hundredths or a tenth of a millimetre, and conse- 
^I'lently at a snail-like speed. It is evident that they meet with 
^^Uaiderable opposition to their movement. 

§ 104. Relation between Electrolytic Conduotion and Diffusion. 
"^ — The intimate relationship between electrolytic conduction 
^^d the motion of the particles is shown also in the fact that 
^noBe movements which take place independently of electri- 
'^^ty exhibit corresponding variation. J. 11. Long has proved 
^Sperimentally that the velocities with which different salts of 
I'-lalogous composition diffuse into water stand to one another 
^? approximately the same relation as their electrolytic conduc- 
^^ities, so that the compounds which diffuse the most easily are 
**® best conductors. This statement is not absolutely true, but 
^■^Ms only for certain groups of compounds of similar composition, 
^■^ause in different groups the extent of the dissociation is 
'different, and undecomposed molecules diffuse with velocities 
'^ther than those of the ions. 
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diffoaicn to be directly propardoiial to the taaipcn nnmber ^ 
the anion. This pncticalh' amoonta to sfii^ that, if tw sal'*^ 
baTe the same ion in connDon, then the salt vith Uie Taore mobi ^* 
weooad ion is the more easily diffcisible. The rate of diSiifioD troaX-^ 
therefore appear to be the smn of the relocities of the ions. 

{ 105. The Function of the lout ia the Fioda«ttoo of Eleetr^^ 
CanenU. — The near relationship between the electrohrtic ioc^"* 
and the movement of electricitr is seen also in the fi>ct th^^^ 
electric cnrrents are ptxxlaced by the contact of ane<jaalE— J 
coDcentrated solarions of electrolytes eimoltaneoiisly with th^^^ 
difinHon tending to compensate for the inequality in concentii^^s*' 
tion. The intensity of the cnrrents can be shown, both experS«^" 
mentally and theoretically, to be related to the relociries of th.^*^ 
ions. H 

The electric cnrrents prodnced ordinarily by contact of tw*-""^^ 
or more metals with one another or with one or more electrolyte*^^* 
appear to owe their origin to the free and mobile ions set a-^^^ 
liberty by dissociation. The chemical affinity of the metals fo:^-^*-"^ 
the anioDfl exercises an attraction on these. By the depositioL^*"" " 
of the anions on the metal and the giving up of their negativ^^""* 
electricity the metal becomes so charged with electricity that th^^ * 
further approximation of the anions is prevented. The strengtlc:^^^ 
of this charge of negative electricity is greater the greater the=^ " 
affinity of the metal for the anion. For instance, if two metals^ ^^' 
like copper and zinc, are immersed in a liquid, then the metal^ '' 
in this case zinc, poeeesaing the stronger affinity will be charge^^^ 
more strongly with negative electricity than the other, viz, the^^^ 
copper. If the two metals are united by a metallic conductor^^iss 
then the more strongly charged zinc will give up its negativt^-^ 
electricity to the copper, and in return receive a charge of poaitiv»^!^ 
from the copper. Thus the equilibrium at the points of contacC^^ 
of the two metals and the electrolyte ia disturbed ; in consequence^ 
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be reduced negative charge of the zinc, more anion is attracted, 
i the increased negative charge of the copper induces a 
pulfdou of the anion ; and cationa are attracted by reason of 
eir positive charge. In addition, at the point of contact of 
KQt metals there is a separation of electricity opposite to the 
|ll^ produced by the ions. Equilibrium cannot be established 
► long as both the metals are in contact with each other and 
le electrolyte. But as the ions collect more and more on the 
letals and cover them, the negative anion on one, and the jiositive 
ition on the other, the ions take the place oftlie metal and thus 
iverse the action completely ; for the positive cation attracts 
le anion, and the reverse. This separation of the ions which 
reduces a current opposed to the original is styled ' electric 
olarisation.' 

In order, therefore, to produce a constant current the separa- 
3n of the ions at the electrodes must be prevented, or in other 
aya made innocuous, which end can be attained by suitable 
loice of the electrolyte. I n this way constant electric batteries 
bU be produced, Daniell's battery is one of the oldest of this 
.nd, and consists of a plate of copper surrounded by a solution 

copper sulphate, CuSO^, and a plate of zinc immersed in 
lute sulphuric acid, and separated from the copper by a porous 
ill. The zinc attracts to itself the anion, SO^, and repels the 
ition, Hj, and is charged withnegative electricity, which passes 
'er to the copper on which the positive cation, Cu, collects ; 
liilst if the copper and zinc were not in contact the copper would 
so be surrounded with the anion, SO^. The precipitate of copper 
1 the copper plate leaves the latter unchanged ; the zinc remains 
naltered, because by combining with the anion, SOj, zinc 
tlphate, ZnSO^, is formed which dissolves in tlie water. 

The combination remains, therefore, almost entirely un- 
langed so long as zinc, acid, and copper sulphate are present. 

According to this conception, put forth recently by L. 
ohncke, and developed unifonnly by the use of the older repre- 
intations, the source of the electric cuiTent, respecting which 
lere has been so much discussion, is to be sought neither in the 
intact of the metals nor in the chemical action of the metals, 
ut in the dissociated state of one or other of the electrolytes in 
ontact with the metals. The observation made by F. Kohlrausch, 
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fiMed Mte Bod at U^ tompeatam, &1^ *«■'■■ ■■— Aia mw. 
PJMOciirion prodaoed either by nixn^ wi& aAer iMjoids or 
b^ tbe apfSationolhe^im tlienlwa eaeatnl to die actim of 

That ta aqneooa flcdnttran hjdn^gcscUonde exists to ■ luge 
extent in a state of duBOCMliaa {tf. j 109) cut be demoostisted 
by the depreasioa of tbe fmeaag point (^. § 76}. Sdll, tbe mode 
of dtiwociatioD caoiKit in this cue be detemined ; &» bj tbe 
dectrolyni <rf concentrMed soladona hydrogea and cblon^ an • 
dte ions, whilst from dilate solutions hydrogen and a^gm an I 
formed. It would bence appear probable that in tbe fint c 
tbe hydrogen chloride is decomposed into brdrogen and cblo 
and in tbe ttecond case the solation contains the compi 
HCl + H/J,orHjC'10, the existence of which Thomsen a 
and this is resolved into H, and HCIO, the latter yietdica-# 
oxygen, 0, and bydrochloric acid, HCl, at the anode. 

j 106. Diuociation a Condition Preparatory to Hii iiiiii ^' 
Change. — In the majority of cases it wonld appear that dissoci^^' 
tion must precede chemical change; for those electrolytes whic::^^ 
are most easily dissociated belong to tbe class of substance "" ^ 
distinguished by their ability to take part in chemical action^^*^' 
I'hiB ability ceases so soon as the possibility of this dissociatic:^^'' 
taking place is removed. Anhydrous hydrogen chloride, liqn^^"^ 
Herl l>y pressure and cold, does not attack the metals, which a^^*^ 
easily dissolved by the aqueous solntions. 

This extremely interesting and remarkable phenomenc^ ^ 
becomes perfectly clear in the light of the hypothesis that pu^r^ 
hydrogen chloride cannot be dissociated and remain so, becanr=«« 
each of tbe separated iona must come in contact with othex~s 
and be tixed by these, whilst in tbe aqueous solutions they woal^ 
both be separated by the water, and remain apart for a short 
time. 

The behavioar of many elements is very remarkable accord- 
ing as they exist in compounds which are electrolytes or non- | 
conductors, i.e. in compounds which do not undergo dissociation. 
Thus, for instance, chlorine, bromine, and iodine are separated 
from their compouuds by solutions of silver salts only when the 
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Kcompoaads are such as easily disnocaate, and these elements form 
the iona. The majority of organic compounds containing these 
}iaIogens are either incapable of being dissociated or dissociate 
at high temperatures only, and then only in some cases is the 
dissociation such that the halogens chlorine, bromine, and 
iodine appear as ions. In complete agreement with these facts, 
the chlorine, bromine, and iodine of such compounds either do 
not react at all with silver nitrate or only slightly ; many other 
compounds of these and other elements behave in a similar 
manner. The chlorine of chlorates and perchlorates in which 
the metala are the cations and the radicals CIO3 and ClO^ the 
anions, does not in solution give any silver chloride, but forms first 
silver chlorate and percblorate, from which the chloride can be 
produced by their decomposition. The sulphates with the anion 
SO^ in the ordinary course of things give rise to sulphates with 
the same 'anion,' and many other salts and similar compounds 
behave in the same way. The compounds may decompose in 
other ways if the manner of the dissociation, and consequently 
tte nature of the ions, be changed by heat or by the action of 
other bodies. 

If by the study of a series of compounds capable of under- 
going dissociation the ions contained in them are known with 
any degree of certainty, the msjority of the reactions of these 
-Compounds may be predicted, for the combinations and changes 
always result from the union of the ions with those of the other 
■active bodies. These facta afford an explanation of the principle 
Icnown as the 'conservation of the type' — a rule which has been 
recognised for a considerable length of time, and which states 
that the bodies produced in any given reaction belong to the 
same types aa those from which they are formed ; in other words, 
^—fliey represent compounds analogous to those from which they 
^Kpe produced. An acid and a salt yield usually by their mutual 
^HlBction a salt and an acid, thus : 

^mk snip 
^Bzchani 



H ; 01 + Ag i NO, = Ag: CI + H ; NO,. 

. sulphate and a nitrate act upon one another to form by 
[change of metals another sulphate and nitrate : ' 

K„ 1 SO. + Ba ; 2N0, = Ba ^ SO, + 2K ; NO, 




iroxidss^H 
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Again, ft hvdroxide and & salt (onn aaotlier salt and hTdroxids: 

Ba (OH), + Mg (N'0,), = irg (OH), + Ba 2X0^ 

Mid so on. Changes of tbis kind tale place in all ptobsbiiity 
even when the fi^al result is different from what thi^ mle would 
lead one to expect ; the in^abilitj of one or other cif the com— 
pcnmda formed may lead to the formation of new sabstaoces. 
Tbas copper iodide shodd be formed by the action of potassinni 
iodide on copper sntphat? : 

2K I + Ca:SO, = K,iSO, + Cn V i 

Bnt cnprons iodide and iodine are formed by reason of the I 
instability of cnpric iodide : 1 

The action of potassium hydroxide on silver nitrate affords anoth^^f 
example of a similar kind; the prodnctshonld be silver hj-droxi^^3^ 
and potassium nitrate : ^H 

K ; OH + Ag NO, = K NO^ + Ag . OH H 

but the silver hydroxide diaaociates into silver oxide and wate^i^^^ 
thus: 

2Ag OH = Ag, + HOH. 



->P^4 



Numerous other examples might be ^ven in which the ' typi 
is not maintained. 

For the commencement of the reaction it woald appear i 
be sufficient if one of the reacting substances is capable of d 
sociation, although the other is entirely incapable of bein^^S 
dissociated. Thus benzene and many other hydrocarbons ^^^* 
not undergo dissociation at the ordinary temperature ; yet wbeff^" 
brought in contact with nitric acid, which is easily dissociate^c^i 
the ions of the acid act energetically and the hydrocarbon ^^* 
nitrated, thus : 

= C,H,NO, + HOH 

Nitrobeniene Water 
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Wlien neither of the substances dissociate, then as a rule no 
reaction takes place, or a rise in temperature is needed to start 
the reaction, which aids or simply induces dissociation. 

Free oxygen, Oj, does not appear to be easily dissociated, 

for the oxidation of most bodies by its aid can only be effected 

«t high temperatures. It is, however, dissociated by electricity, 

and ozone produced, which probably has the formula O^, and 

which itself is extremely easily dissociated, and, iia is well 

known, acts as a powerful oxidising agent. 

' It is very remarkable that many sabstances, such aa phoa- 

^^horuB, are less easily oxidised by pure oxygen tlian by air, in 

^Brbicb it is mixed with a considerable proportion of nitrogen, or 

^Kren by oxygen diluted by reduction of pressure. As phosp'horua 

^Brlien slowly oxidised is luminous in the dark, these facts may 

^Be easily observed. 

^f In pure oxygen at 20° C. and under a pressure of 760 mm, 
no light is given out; the phosphorus becomes gi-adually 
luminous aa the pressure is reduced, and is very distinctly so 
when the pressure baa fallen to 150 mm., or to about i of an 
-atmosphere. This remarkable phenomenon is probably in part 
<3ae to the fact that the dissociation of the oxygen particles is 
■favoured by the dilution. 

§ 107. Efttes of Chemical Change.— Every chemical action 
requires a certain length of time for its completion. The time 
i-equired is, however, very different, varying with the nature of 
the reacting substances, with their amounts, and tlio conditions 
tinder which they are brought in contact. This subject has 
laitherto been thoroughly investigated only in comparatively few 
'CBses. In most cases the conditions are so complex that it is 
tliffieult to separate and estimate their various influences. 
Numerous observations show, however, that the rapidity of 
a chemical action is influenced by the quality, the quantity, 
the mass of the reacting bodies ; also by their state of aggre- 
.gation, as well as that of the products ; further, by temperature 
a,nd pressure, and by the presence of bodies taking no active 
part in the action, such as solvents and diluents, &c. The 
influence of mass, solubility, and volatility was submitted to a 
ttoroogh investigation by Claude Louis BerthoUet more than a 
tnndred years ago ; but only in recent years have his endeavours 
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obtained their just recognition, and the work been reauined and 
extended by the aid of more modem methods. 

§ 108. Simple Decompositioii. — The simplest case is that in 
which, with several active substances present, one only of these 
undergoes a change. Such a case we have in the inversion of 
cane sugar under the influence of a dilute acid,' whereby it is 
converted into a mixture of dextrose (grape sugar) and levuloae 
(fruit sugar), which rotates the plane of polarised light in the 
opposite direction to that in which it is rotated by cane-Bngar 
solutions. This decomposition, represented by the equation 

Cane sugar Grape sugar Fruit sugar 

has been carefully investigated by Wilhelmy, and more recently 
by Ostwald. If a given quantity of sugar dissolved in water be 
mixed with a definite amount of an acid, capable of producing 
the inversion, tlien in every interval of time an amount of the 
sugar is inverted which is proportional to the amount of sugar 
still remaining unchanged. If A be the quantity of sugar 
originally present, and x the quantity of sugar inverted during 
the time, i, of mixing, then the amount dx, inverted in the 
infinitely short interval of time di is proportional, the amounfc 
(A — x) remaining unaltered. In this manner we obtain th 
differential equation : 



K.(A-^), 



3x 



= K.df 



in which K represents a constant, or in this case at least a 
invariable quantity. By integration the following expression It 
obtained for the amount x inverted in the time t 
—log , (A — x) = K . i + constant. 

Reckoning t from the moment of mixing, when ( = o 
also X becomes o ; consequently the integration constant is 
— log , A = const. 



■(A-») 



= K.i 



IKVEBSION OF CANE SUGAR 




in which e represents the base of natnral system of logarithms, 
viz. 6 = 2-71828. 

The general correctneas of these equations has been proved 

to such an extent, that the quantity log , -r- may bo cal- 
culated from the value of x, determined experimentally, and 
divided by the correaponding values of /. The values of 

have thna been found to be constant, as is required by theory. 
The quantity of sugar, therefore, inverted every moment is pro- 
portional to the amount of unaltered sugar present ; aud of this 
equal portions are always inverted in the same time. 

The invariable quantity K is nob absolutely constant, but 
varies with the nature as well as the amount of the acid used for 
inversion, and also with the proportion of sugar contained in a 
given volume of the solution, consequently with the concentra- 
tion of the solution. An alteration iu the mass of the acid is of 
much greater influence than a change in the quantity of the 
Bu^r. According to Ostwald's experiments, by increasing the 
sugar to ten times the amount whilst the hydrochloric acid 
remains constant, the value of K is only increased by half its 
original value. The increase in the proportion of acid, with the 
Bagar remaining constant, produces a different effect, according 
to whether the acid is strong and easily dissociated, or weak and 
one which does not easily dissociate. 

With the strong acids, such as nitric, hydrochloric, and 
i tydrobromic acids, the inversion is approximatefy proportional 
I to the acid, but decreases with the dilution to a somewhat 
J g reater extent than would correspond to tho amount of the 
^Bwlntion. In the ease of the weaker organic acids- — formic, 
^^pCetjc, propionic, butyric, and succinic acids — the inversion takes 

P 
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place more slowly than the iacreaae in the dilation warrants ; so 
that without doubt the more dilate acids have a stronger action, 
because they are more cooipletely dissociated. 

JIany other reactions take place in accordance with 
Wilhelmy's formula, the amonnt decomposed at each interval of 
time being proportional to that which still remains nnaltered. 
This, according to Harcourt and Esson, is the case in the reduc- 
tion of permanganic acid by a large excess of oxalic acid, and 
also in the redaction of hydrogen peroxide by hydriodic acid. 
According to Ostwald, the so-called saponification of ethereal 
salts soluble in water, anch as methyl acetate by dilute acids, 
follows this law also ; this reaction is no doubt analogous to 
the inversion of sugar, for the ethereal salt by the assimilation 
of water is resolved into alcohol and acid. According to Van't 
Hoff the replacement of chlorine or bromine in organic com- 
pounds by hydroxyl (OH) with or without subsequent splitting 
off of water affords another instance to which this logarithmic 
formula may be applied ; many other reactions also might be cited. 

§ 109. Double Decomposition. — The case is somewhat less 
simple when two substances are simultaneously changed. 
Strictly speaking, this is the case in some of the reactions dis- 
cussed in the foregoing section, inasmuch as water takes part 
in the change. Its influence is not perceived, because, for 
example, in the inversion of sugar the amount of water assimi- 
lated scarcely alters the large excess of wat-er present. Similariy, 
in the redaction of permanganic acid and of hydrogen peroiid* 
by so large an excess of the reducing agent, the changes in th* 
amounts of these do not come into consideration. 

If in any reaction the two active Bubstances are in soliitioii> 
their masses are then most conveniently calculated in equiv»" 
lent weights, i.e. according to the number of these proportion* 
which react with one another. If A be the number of equivalent* 
of one substance, and B that of the other, and as the number of 
equivalents of each decomposed in the time (, then, assuminfF 
thi) change is always proportional to the reacting mass, the t*" 
action would be represented by the following differenti»I 
equation :- — 
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For equivalent amounts of both substances, tKat ia, when 
A^B, the equation assumes the Torm 

•^ =K.dt; 

and when integrated, with l = o and x.=o, the following expree- 
siou is obtained : — 

— ^ = A . K , (. 
A — x 

According to this expression the relation of the amount of 
the decomposed to the amount of the unaltered substances is 
variable with, and proportional to the time. For a long time no 
single case had been observed which corresponded to this rule, 
until it was shown by Hood ta apply in the oxidation of ferrous 
Bulpbate by chloric acid. The amounts of these substances 
equivalent to one another in this case are IHClOj and 6PeS0^. 
Instead of using these substances, 1 KCIO^ and 6 FeSO^ were mixed 
t(^ther with dilute sulphuric acid, and the proportion of unoxi- 
dised iron was determined by the titration from time to time of a 
sample taken from the mixture. The results are in accord with 
the above equation. It has been also shown by R. Warder that the 
saponification of ethyl acetate byanaqueoussolution of caustic soda 
proceedsinamanner confirmatory of this law, and Van 't Hoffand 
Schwab have shown the same to be the case with the conversion by 
caustic soda of monocbloracetic acid into glycollic acid, and accord- 
ing to Ostwald the decomposition of acetamide by dilute acids into 
ammonium salts and acetic acid proceeds in a similar manner. 

If A and B are different the integration of the above equa- 
tion yields the following expression : — 



r by introducing the proportion of A to B 

A : B = 1 ; n 

'e obtain 

log, ^~n = A()i-1). K.(. 



7 
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This equation has also been confirmed by a certain nuinber of 
obseTTations. 

It mnat, however, be confessed that the number of quan- 
titiva obaervations hitherto made to teat the theory is altogether 
oat of proportion to the innnmerable chemical investigations 
undertaken in this centniy, despite the desirability and necessity 
for inch observations. 

jllO. ReTerrihle Eeactions, — Remarkable relationships are 
observed when the prodacts of a reaction so react upon one 
another as to form again the original substances, and thua re- 
produce the condition fi-om which they started. This is the case 
when two or more electrolytes in solution react, and their ions 
combine in such a way as to produce all the several possible 
combinations. The simplest of all such cases is that when the 
anbstances produced by the combination of the ions are neither 
iosolobie in the solvent u.sed, nor volatile, and consequently 
neither separate out in the solid nor in the gaseous state. 
When this possibility is excluded, and a!i remain in solution, the 
reaction then proceeds according to the law discovered by 
Guldberg and Waage, which is but the corrected form of the 
law proposed about a century ago by C. L, Berthollet. This 
is usually described as the ' Law of the Action of Mtas.' 

This law comes into play when, for instance, an acid is 
brought into a solution of another salt ; when alcohol is added 
to an acid or an ethereal salt treated with water. In the Sr^ 
case the free acid decomposes a portion of the salt, so that t^' 
solution contains both the free acids and salts of each '>' 
them ; for instance, if hydrochloric acid be added to a not tv*" 
concentrated solution of nitre the solution will then contain, rr*"^ 
only unaltered potassium nitrate, but also potassium chlori*3*' 
free nitric and free hydrochloric acids. In fact, for the ultimo*'*' 
division of the constituents it does not matter whether tr 1*" 
nitrate has been treated with hydrochloric acid or the chlori*^'' 
decomposed with nitric acid, provided only that in both ca.^** 
the proportions of all substances concerned are the same. 

In the second instance the acid and alcohol produce bo 
ethereal salt and water, which in turn give rise to the a.lco'bol 
and acid ; and here, also, if sufficient time elapses, the So^ 
condition in which all four anbstances are present is the aaine, 
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"whether we start with one or the other set of combinationB. K, 
for example, acetic acid and alcohol are mixed in the proportiou 
-<if their molecular weights, then, according to Berthelot and 
Pean de St, Gillea, they react npon one another in accordance 
with the following equation : — 

(0jH3O)OH + (CjH5)0H = (C,H,0) (C, H,) + HOH 

Acetic Acid Alcohol Ethyl Acetate Water 

■forming ethyl acetate and water until two-thirds of the whole 
mass ia decomposed in this manner. On the other hand, when 
the ether and water are mixed in molecular proportions, the 
reverse reaction proceeds until one-third is converted into alcohol 

-and acid. Consequently, in the final condition, whether this be 
reached irom one aide or the other, the mixture contains one 
molecular proportion of alcohol and of acid for every two mole- 

E-^"lar proportions of ether and of water, so that the condition of 
oilibrium in the mixture is represented as follows : — 
itt 



(CjHjO) OH + (C,Hj) OH + 2 (CjHjO) (C^H,) + 2H0H. 



This condition of equilibrium is not to be looked upon as 
I i« state of rest, in which, when once reached, no further reaction 
takes place, but is to be regarded rather as a state in which 
just as many particles react in one way as there are particles 
reacting in the opposite, the two opposing reactions maintaining 
the equilibrium. 

A simple consideration shows that each of these reactions 
will take place the more frequently the larger the number of 
particles of the active bodies present. Since the particles must 
■come in contact with each other in order that they may com- 
bine or react, it is apparent that the space in which they are 
■confined must be of influence ; for, indeed, generally speaking, 
the reaction will be the more complete the larger the number 
of particles contained in a given space in the unit of volume. 
Yet, again, it is to be remembered that every particle present 
is not to be looked upon as taking part in the action. The 
^^nmnber of such active particles present is dependent upon the 
^tdegree of dissociation, which, as has been already shown, usually 
^K<diange8 with the dilution of a solution, and, as a rule, the 




Gnktbesg wad Vaige'i ^earj t£ Oe action of bhb i 
npontlnB wippowt i an , the trvA of wUd bs been i 

f 111. OaUbecie aid Waags'i The«T of Oe AstiiB iflbA 
— Li^ A and B" repieBeat two bodies wHidi interact scoondii^ 
to tbe etjoatioii 

A + B' = A' + B; J 

and let the reaction be remGible, ' 

A' + B = A+B'; 

then, if the two bodies A and B' are bronght together, botl* 
reactions will go on coneaiTently imtil a state of eqnilibriiirD 
enenee, in which the two opposite reactions take place to Qua. 
same extent. 

Let p, '/, p', and q' denote the number of particles whi<=^ 
are preaeDt in this state ; then 

p . A + p' . A' + 2 . B + 5' . B* 

will represent the composition of the mixture in the state " 

equilibrium. Assuming that the action is proportional to tr::^ 
mass, the change represented by the first equation is propc:::^-^^' 
tional to the number of part.icle8 A and B', and is conBequen^^* - 
proportional to the product p . q', and the reverse reacti-- — ""^ 
represented by the second equation is proportional to ^' . ''' 

The 'action in the unit of time is expressed by the fonnn— ^"^"^ 
K. . p . '/' and K' . p' . ly ; K and K' being factors which deper" '° 
on the nature of the bodies and on external conditions such ^ 

temperature, but they remain constant so long as these c<*^^^"' 
ditions are unchanged. The state of equilibrium in which t-—-^ _ 
reaction takes place to the same extent in one direction as '* 

does in the reverse is represented by the equation 
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K.p.g'=K'.p'.q; 

p K' .J ^ q' 
in which =-, is replaced by the symbol j^. K the valnee ?- and 

- are termed quotients of dewmpoHtion, then the law may be 

expresaed in the following words : In the state of equilibrium 
the quotients of decomposition bear a fixed relation to each other. 

For example, let A and B be acids and A' and li' salts ot 
these acids; then the quotients of decomposition indicate for 
«ach acid the ratio the non-neutralised bears to the amount of 
neutralised acid. When the constant j(^ is once determined 
this ratio can be calculated for any given case. 

^ 112. Experimental Froof of Ouldberg and Waage's Law by 
Htherifi cation. — Diiferent methods have been proposed for de- 
temining the constant of affinity, jf*. It can be easily deter- 
^ttined in the process of the formation of an ethereal salt from 
^Aacid and alcohol. If R is an alcoholic radical and S an 
■^<nd radical, the formation of an ethereal salt is represented by 
^te equation 

ROH + SOH = HOS + HOH, 

■^ad the state of equilibrium by 

tl p ROH + q' SOH +p' ROS + q HOH ; 



If P molecular weights of alcohol and Q molecular weights 
if acid are used, and the amount of free acid q' in the state of 
■Equilibrium is determined by titration, then ■f^ and the co- 
efficients p, p', and q can be determined by means of the follow- 
ing equation ; — 



I 



P = p+p'; Q = q + q'; X'=^- 

p. q' 



If only acid and alcohol are mixed together without the 
■addition of ethereal salt or water, }/ = q. 



-? = ?"! 



x-'C-fO- 



wnpnKiitedbylBOH-flSOH+SBOS+SHOH. Tfaat uto 
«^, if we talu eqairalatt t jMu i liliCT «f akohol and acetic 
add, tOTO^irds wiD intenct to bna etfaji acetate and water 
and one-tliird wiD roaaim mialtered. 

Alter detenniniiig die value of ^ in tins way, the vaHdi^ 
of the theory can be tested by takhig any other Tahiee fiv P 
and Q and determiiiiDg the quantity ^ of free add and cam- 
paring the experimental resnlt with the valoe calcnlated by 
means of the fact^v ^ = 4. The agreement between the ex- 
perimental and calculated results has been foond to be most satis- 
factory, even when certain qnantiti^ of water and ethereal salt 
were added, provided that the water was not added in saffi- 
cient quantity to cause the Uqnid to eeparate oat into two 
layers. 

In this case the value of ;^* is not greatly inflnenced by 
temperature, and it varies within rather narrow limits for 
different organic acids and alcohols, possessing analogous atomie 
linking. According to Menschntkin, in the case of the action 
of tlie fatty acids, CnH^O,, on isobutyl alcohol, 3^ increases 
witb the molecular weight of the acid ; j^ = 32 when w = 1 
(formic acid) and ^^ = 511 when n = 8 (caprylic acid). In 
spite of this rather large difference in the constants, the 
difference in the quantity of undecomposed acids is not very- 
large. 

For instance, when P = Q = 1 the following results are 
obtained :— 



Formic Acid' 
Acetic Acid . 
Propionic Acid 




5' = ^ g = J)' j^ ^ 

C,H,0, 0'358 0-642 3-22 1-79 

C,H,0, 0-326 0-674 4-2 

CjHjO, 0-313 0-687 48 

I At 100° 0., the other acldi &t 164°. 
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Butyric Acid . . C^HgO, 0-305 0-695 5'19 2-28 
Caproic Acid . . C,H„0, 0302 0-698 534 2-31 
CapryUc Acid . C,H,oO, 0'291 0-709 6-94 2-44 

The state of equilibrium is slightly dii^rent for difFereot acids : 
this is Been under ^ in^the preceding table, wbicb contains the 
number of equivalents of acid etherified for each equivalent of 
unaltered acid (assuming that the acid and alcohol were present 
in equivalent quantities). 

5 113. Avidity of Aoid8.--JuIiu8 Thomson and W. Ostwald 
have investigated the changes which take place when two acids 
act upon one base, which is not present in sufficient quantity to 
neutralise them both, or when two bases act on one acid under 
ainailar conditions. T!ie constant ^ which determines the ratio 
between the amounts of the two acids neutralised is termed by 
Thomsen the avidifi/ of the acid, its striving for neutralisation, 
but Ostwald calls it ajjinitij. 

In order to inveatigate the reaction Thomaen made use of 
the hberation or absorption of heat accompanying the reaction, 
and Ostwald made use of the changes in volume and density 
which accompany the chauge. Both chemists agree that the 
reaction is very rarely complete. 

If one equivalent of soda (NaOH = 39-96, or in round 
numbers 40 parts by weight) in dilute solution is exactly 
neutralised by the equivalent quantity of sulphuric or nitric 
acid (^HjSOj = 48-91, or in whole numbers 49 parts by weight 
and HNOj = 02-89, or 63 in round numbers) more heat will be 
produced in the first than in the second case. 

With sulphuric acid . . 15689 cals. 

„ nitric acid .... 13617 cals. 



A caloric, or thermal unit, is the amount of heat required 

to raise the temperature of the unit weight of liquid water 

1-0. 

^^ It is a general law in the mechanical theory of heat that the 

^H amount of heat evolved or absorbed depends only on the initial 
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and final state of a ayBtem, and not on the order in which the ' 
change takes place. 

The heat evolved is consequently the same when snlphuric 
acid and soda unite together, directly forming sodium solphate, 
thus : — 

(1) 2NaOH-i-HjSO, =NajS0,+ 2H,0 

and when sodium nitrate is first formed, and afterwarda con- 
verted into sulphate :^ 

(2a) 2NaOH + 2HN03 = 2NaN03 +2H,0 
(2b) 2NaN03 + HjSOj = NajSO, + 2HN03 

It is assumed that the nitric acid in (2b) assumes the state 
in which it first occnrred. 

Reaction (1) yields 15689" for each INaOH, but (2a) only- 
yields 13617" ; therefore (2h) must yield the difference 2072= 
each equivalent of NaOH taking part in the reaction. 

On the other hand, if the sulphate could be completely de- I 
composed by the nitric acid, the reaction 

Na,S0, + 2HN0a = aNaNOj + H^SO, 

would yield— 2072", i.e. as much heat would be absorbed as is 
evolved in the opposite reaction. 

Thomsen found that when an equivalent of sodium nitrate 
(NaNOj) in dilute solution is mixed with one equivalent of 
sulphuric acid (iH^SO,) only 288'^ instead of 2072= are evolved, 
and, on the other hand, one equivalent of sodium sulphate 
(JNa^SOJ and one equivalent of nitric acid produce —1752" 
instead of— 2072". It follows from these observations that 
in neither of these cases does a complete decomposition take 
place in accordance with the equations, but that an intermediate 
stage of partial decomposition ensues, which is the same in both 

By adding these two results together we obtain 288'' + 1752* 
= 2040", which agrees approximately with the difference in the 
heat of neutralisation of the two acids. Apparently the reactions 
could be represented respectively by 



=0-14 and 



1752 
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i.e. 14 per cent, of tbe nitrate is decomposed by the equivalent 
of enlphuric acid and 8G per cent, of the sulphate is decomposed 
by the nitric acid. But this interpretation is erroneous, for in 
both cases each free acid not only acts on the salt of the other 
acid but on its own salt with absorption of heat. By special 
experiments Thomaen found for 



I 



On raixing equal equivalents the solution contains in a state of 
equilibrium 

j3|HaS0, + (1 -ii)^NajSOj + (1 -i))HN03 H-^NaNOg ; 

,-^H„SO, acts on lNa„SO. : therefore n= -£~, 
l-p 1-y 

late present gives with the &Be acid a 



Y 



and the amount of 
calorific effect 

l-y ll_p 

"^ to 
i-p 



0-2JJ + 0-8 



in both cases the total effect is represented by 



>2]? + 0-8 

j(i-rt 



0-2 



1650"-(l-/.)36"=-1762'. 



In these equations p is very nearly eqnal to f . 
Replacing JJ by f in equaiion 1, we obtain 2 
288° and in 2, —1786" instead of —1762". 

The state of equilibrium is represented by the fonnuli 

2 ■ KH,SO,) + J(Na,SO^) + IHNO, + 2NaN0, ; 



■^202 
B ana t 
^r neote 
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and tbe sridity^ At=;^=0'5, i.e. wl 

taken the reUtive quantities of Bolpfaaiic and i 

neottalified are as 1 to 2. 

{ 114. ATidity ealenlated for Moleealar ' 

interactioDS are more accaratelv representee! ty 

formaUe, and the state of eqnililffiuin in this case can be ex- 

preteed by the formoJa 

2H^, + Na,SO, + 2HX0, + ISaSO,. 

or as solphnric acid acts on its salts and conrerts the greater 
part of them into acid sulphates — 

H^O, + 2NaHS0, + 2HN0, + 4SaN0,. 

Now let us consider what will be the result when equal 
molecular weights (not equivalent weights) of the two acids 
take part in the reaction. The general formula for the state of 
equilibrium is 

j>4H,S0^ +p'iNajSO, + 2HNO, + ./■NaXO, 

and the values for the total equivalents of 

Sulphatea=p +j3'=2 equivalents 
Nitrates=g +^'^1 equivalent 
Salts=;?' + 3' = 1 
The condition of equilibrium is 

p ^ q 3 

From these four equations it follows that 

g=p'=0'46, g'=0'54,p=l'5't. 
By introducing these values and changing the equivalent 
formulae to molecular formulje we obtain for the state of equili- 
brium — 

0-54H,SOj + 0'46NaHSO, + 0-46HNO3 + 0-54NaNO,. 
The ratio between the quotients of decomposition— 



0;46_ 
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.0:54 ' = r-*^y=o- 

0-4C' '^ \0'52/ 



73, 



and the molecular avidity (Ay), = ^=0'85 

When equal raoleculea of nitric and Bulphurio acid act on a 
•Quantity of sodium hydroxide solution equivalent to the nitric 
o<id, 85 molecules of sodium hydrogen sulphate (NaHSOj) are 
foriD^ for every 100 molecnles of sodium nitrate produced. 



I 
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MolMulir PonnnlB 


(At)^ 


" 


(Ar)^ 


Hilrio Acid . 


HNO, 


100 




100 




HOI 


98 




!)8 


Hjdrobroniic Acid . 


HBr 


S9 




89 


^dilodiQ Acid 


HI 


TB 




79 




BO,C].0, 


ao 




80 




H^b. 


19 




83 






4G 




76 




H,C,HC1A 


3S 




33 






26 




40 




h;^o; 






24 


MoDoohloracetio Acic 


HC,H,C10, 






7 


Tartaric Acid . 


H,C,H.O, 






7 


Citric Add 


H,C,H,0, 


B'O 




9 


GljooUio Acid . 


hc,hA 


5'0 




5 




HF 


B-0 




G 


Formic Acid . 


HCHO, 


3'J 




3-9 


Lactic Acid . 


HC,H,0, 


S-3 




3-3 


Uolio Acid . 


H.C.H.O, 


2'S 




4 


Saccinic Acid . 


H,C,H,0, 


1-46 




2-07 


Aoertc Acid . 


HC^.6; 


1'23 




1-23 


Propionic Acid 


HC,H,Oj 


1'04 




1-04 


Butyric Acid . 


HC.H,0, 


0-98 




0-98 




hcIh^o' 


0-82 




0-92 



Thomsen's investigations were confirmed and further deve- 
loped by Ostwald. Both investigators determined the avidity of 
^ large number of acids. In the preceding table (Av)^ denotes 
the avidity for equivalents and (Av),, the molecular avidity with 
the formation of acid salts. The avidity of nitric a£id = 100 

Serves as the standard of comparison ; n indicates the number of 

equivalents contained in the molecule. 

§ 115. Relation between the Avidity and Compositioa of 

J^da. — The numbers in the preceding table clearly show the 

connection between the avidity of an acid and the nature and 

arrangement of its atoms. The fatty acids 

C.H.„0, = C„_.H.„_,, CO— OH 
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^ow weaker aa the value of n increases, that is, as the mass 
the hydrocarbon radical nnited to the carboxyl increases : — 



Formic Acid 
Acetic „ 
Propionic „ 
Bntjric ,, 

The avidity is 
(OH). 

Acetic Acid 
GlycoUic „ 
Propionic „ 
Lactic „ 



H— CO— OH 3 

OH,— CO— OH 1 

C,H, . CO . OH 1 

C.H, . CO . OH 



increased by replacing hydrogen by hydro] 

i 

GH, . CO . OH !• 

, HO . CH, . CO . OH 5 

C.H, . CO . OH 1- 

. HO . C.H, . CO . OH 3-» 



Succinic Acid . HO . CO . C.H, . CO . OH 1-45 2- 

Malic „ . HO . CO . C.H,(OH) . CO . OH 2-8 1-Oi 
Tartaric „ HO . CO . 0,H,(OH),CO . OH 5'2 7-3 



It ia greatly increased 


»hen H, i 


replaced by 0, 














fAy), 


(At 


GljcoUic Acid . 


. HO 


CH, . CO 


.OH 


5 


5 


Oialio „ . 


. HO 
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The same eifect ia produced by replacing hydrogen 
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All these examples show that the facility with which a cbem 
change takes place is determined, not only by the nature a 
arrangement of the atoms dii'ectly taking part in the reaction 
but is also influenced by other more distant atoms in the chai 
and frequently their influence is so powerful as to prepondera 
over that of all the others. 
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^16. Connection between Avidity and other Properties of 

tte Acids. — The property termed avidili/ or relative affinity dc- 
terininps the behaviour of the acid in almost all its actions. 
The inversion of sugar by acids in dilute aqueous solution men- 
tionediu 5 108, where the acid remains unchanged, the analogous 
decomposition of ethereal salts soluble in water by dilute acids, 
and many analogous reactions, take place with a velocity which 
is directly proportional to the avidity, A relation also exists 
between the avidity and the rate of diffusion and the closely 
allied electric conductivity of acids. The strength of an acid ia 
almost directly proportional to its rate of diffiiaion and to its 
cjonductivity. 

This surprising connection between chemical and physical 
properties is explained by the fact that the apparently stronger 
acids dissociate more easily, and in proportion to the facility with 
which the acid dissociates into ions its power of entering into 
double decomposition and its conductivity and other properties 



"What we term affinity or avidity is no other than the facility 
of entering into reactions, mobility. We can therefore do with- 
onfc the notion of strong or weak chemical affinity in these 
speculations, although at the present time we cannot safely 
substitute another cause for the combination of the atoms in its 
place. Our present views are essentially different from the 
earlier views. What was formerly ascribed to a stronger 
attractive force is now accounted for as a result of greater 
mobility. 

§ 117. Influence of InBolubility and Volatility on Chemioal 
Change.-^C. L. Berthollet has pointed out that an act of double 
decomposition is materially influenced by the state of aggre- 
gation of the bodies taking part in the reaction. Berthollet 
maintained that when a compound separates out in an insoluble 
or volatile form it then loses all influence on the reaction. He 
explained, for example, the nearly perfect precipitation of 
sulphuric acid by barium salts and similar changes by assuming 
that the two acids, for instance, sulphuric and hydrochloric 
acids, distribute themselves between the base, according to the 
relative quantities in which they are present and in the ratio of 
their affinities. But the state of equilibrium produced is dis- 
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^M Corbed by the paxip i tut soa ^ nuotoble buxom ■il^iiiiyi,^ 

^M eonaeqoend; a new diateibatioactf' die aadi bices place, ^idf 

^1 prooeaa contimMa ostQ tlioe » otker no >'»"''"f aatfc or 1 

^H aolpltaric aeid in tbe BoIntiaD. 

^M lo this parttcnlar insboKe, owing to tlu i 

^1 ba rion i sntphste oBers to cbemlcal change, &d» i 

■ corresponds Saitlj well with wh^ actoallT takes place ; 

B gpmerai mle, this is not the case, aa the maoinUe piccii 

I nrjt ceane to iateract with the oompoonda still ion 

B fuAation. 

H The simples): problem which oSen itself to our o 

H is when two of tbe fonr bodies inteiacdng on eadi otiier J 

H soluble and two inaolabte. In thiti case Goldberg uid 'Wat 

H theory is applicable with a slight modificatioa. Of the i 

H bodies A . B . A' . B' faee | Illj taking part in the i 

H let A' and B' be insolable. The state of eqailibritmi i 

H sented by7iA+/''A'4-3B + g''B'; the equation for the qn* 

V of dficfiin posit ion, ? = ;^* ? , is simplified by the fact that i 

increase in the quantities p' and q' of the insolable compounds 
df»eB not exert any perceptible influence. These quantities may 
therefore be regarded aa invariable, provided that not too small 

A quantity of each of these bodies is present. Let x^ — =7 

= constant ; then g = y ■ p; that is to say, in the state of 
*Mjuilibrium a definite relation exists between the qnaatitiea of 
the two soluble substances in the solution. This condition is 
established when the quantity of A acting on the insoluble B' 
is equal to the amount of B interacting with A' in the same 
interval of time. In order that this state of equilibrium may 
be rapidly attained the liquid must be brought into intimate 
■contact with the precipitate by boiling or by shaking. The 
coefficient y depends not only on the nature of the interacting 
■rampounds but also on the concentration and temperature, and 
is often gren.tly afiected by these conditions. The more or leas 
■crystalline character of the precipitate frequently exerts a great 
influence. 

Guldberg and Waage allowed mixtures of barium sulplu 
land potassium carbonate, and barium carbonate and potas^nl 
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"enlphate, to interact for a year at 3° C. The substances were 
"preseiit in the proportions — 

(a) lBnyO, + lKjCOj + 100H,0 

(b) lBaCO, + lK,SO.+ IOOH,0 

The solution contained — 

(a) 0-959E,COj + 0-041K,SO,; 7 = 23-4 

\b) 0-939KjCOj + 0-071K,SO,; 7= 13-1 

and consisted, therefore, almost entirely of carbonate: in (m) 
23'4KjCOj and in {h) IS-lKjCO, to each molecule of K,SO^. 
The state of (Equilibrium had not been reachod in this long period, 
as ig evident from the marked difference in the values of 7. 

At 100° the interaction goes on more rapidly, but 7 is much 
smaller, i.e. there is much more sulphate in solution. 

In three days IBaSO^H- lK,COj+ lOOHjO 
yielded 0-76KjCO3 + 0-24K,SO, ; 7=3-2; 

■and IBaCOg + IK^SO^ + lOOH^O 

in the s^e time produced 0-72K^COj + 0-28KjSO^ ; 7 = 2-6. 
-Here the state of equilibrium ia nearly attained. 

A strong solution contains more sulphate, a dilute solution 

■ more carbonate. This agrees with the directions H. Rose gave 

V^Xiany years ago for decomposing barium sulphate by boiling 

irith a strong solution of potassium carbonate, renewing the 

Wtassinm carbonate solution when it coDtained a certain 

[quantity of sulphate. 

The chromates behave like the sulphates. According to 

iifaines Morris, potassium carbonate and barium chromate inter- 

t nntil the solution contains lOK^COj if cold, or 3-75X^00, if 

railing, for each K^CrOj. Here, again, 7 decreases, and with it 

the amount of carbonate in solution, as the temperature rises. 

According to Watson Smith, the insoluble calcium oxalate ia 

■ slightly attacked by sodium carbonate, but calcium car- 

Kfcon&te is almost completely decomposed by sodium oxalate. 

2i6 behaviour of the corresponding compounds of strontium, 

and lead is exactly the reverse of that exhibited by 

Icium carbonate and oxalate. 

5 118. One Insoluble Substance. — The problem is not quite 
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BO simple when only one of the interacting compounds is : 
soluble. When aqaeons solutions of oxalic acid and calcim^ 
chloride are mixed together, calcium oxalate is precipitated, aad 
free hydrochloric acid, oxalic acid, and some calcium chloride 
remain in solution. The state of equilibrium is represented by 
the formula — 

pH.Cl, +;.'CaClj + q^Cfi, + Qy'CaC^O,]. 

For the safee of nniformity the formula for hydrochloric acid i 
doubled. The formula of the insoluble compound is placed i 
brackets. Two reactions maintain equilibrium, viz :— 

CaCl, + H,CjO, = H,Cl, + [CaC,OJ 

and 

H,Cl, + [CaC,0^] = CaC], + H,C,0,. 

The frequency with which the first reaction takes place I 
increases with the number of particles of the interacting bodies I 
in solution ; it is therefore proportional to the product p' x <{, I 
The value of q', which is always relatively large, has no per- 
ceptible influence on the irequency of the reaction, and the rela- 
tion between the reaction and the number p of acid equivalents'! 
is far from simple. It is certain that calcium chloride ond^ 
oxalic acid can only exist together in solution in very small 
quantities; the first reaction preponderates over the second. 
When an excess of oxalic acid or of calcium chloride is used the ] 
first reaction takes place to the almost entire exclusion of tho'J 
second. 

5 119. Action of Mass in Oases. — K one of the products of ' 
decomposition in a solution is a gas, and entirely escapee, it 
ceases to exert any further influence. But if the whole or a part 
of it remains absorbed, then the absorbed gas behavea like anj 
other substance in solution — that is to say, it can reverse tiiQ&a 
reaction which led to its formation. 

Gases are frequently formed by the dissociation ( 
pounds in. solution, e.3. carbonic anhydride is evolved from bi— fl 
carbonates. If all the gas escapes the decomposition is complete I 
and all the bicarbonate changes into carbonate. Such a changi 
is more likely to occur in a hot than in a cold solution. 
carbonic anhydride remains in solution, then some bicarbonat 
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1 uDdecomposed or will be ri'-fomied. Apcordinp; to 
t's obeervationB, the rod ctilmirinK itmltj^r of t.lio Idocid, no 
Bary for the lift* of men and tlio higlicr atiimats, losefl the 
tSp-^ with whifh it is uombirwl in a siitiiliir way tinh'HH tihoro 
t least a small quantity of free oxygen dissolved in the blood, 
tie free oxyp'u is removwd, frt'wh oxj'jjeii will l>e formed by 
aciatJon of the colouring matter. 'J'his prtJcesB may be 
, imtil the red colouring mutter is complotfly doconi- 
Bd, 80 that by ttieans of the air-pump all the oxygen cjtn bo 
)d, although the gruator part of it is in a atatu of chemicut 
fabination, and only a email fraction of it is physically 
orbed. 

Gnldberg and Waage'H taw or a similar law is probably valid 
n all the iHjdiea taking part in the ri>aotion are gaseous, 
it experimental proof of thiB problem has only been adduced 
h few epooial cases. Tlie first exi^riments in this direction 
f, indeed, on the action of mass since the time of Uerthollet) 
« made by Buntmn, who proved tJiat when two combustible 
i mixed with an insuflicient cjuantity of oxygen for their 
i combustion the amount of oxygen combining with 
r gas is proportional to the amount of that guB present, 
e case of a mixture of carbon monoxide and hydrogen the 
jen will bo equally divided between the two gases if the 
a consistB of six volumes of carbon monoxide to one of 
nydrogen. In a mixture of equal votumea of the two gaHea the 
hydrogen takes up three or four times as much oxygen as the 
carbon monoxide. 'J^ho iiuantities change in the maimer indi- 
cated by Ouldberg and Waage's law, but they do not obey this 
law as closely as might bo supposed, Recent investigations of 
Harold Dixon have shown that the process is much less simple 
than was formerly held to be the oase. J'erfectly dry carbon 
monoxide burns in oxygen with great difficulty, although it 
bums readily when it ia mixed with aqueous vapour ; the 
aqueous vapour is reduced and the resulting bydrc^en is 
again oxldiBed — 

CO + H,0 = CO, + H,; 
2Hj + 0, = 2H,0. 



Probably the law of Guldberg and Waage is valid fop the 



^^t Probably the law 
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^H first process, prtmding that the tnnperatiire is sofficiraitij 

^1 to prerent the water deposhiiig. 

^H The Etiite of equilibnnra ispCO+p'CO^+ijH^+q' 
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^K SI' 
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As the second reactioD can only be reversed at a very high 
temperatnre the law does not, as a rule, apply to Uiis caise. Ma^ 
exerts considerable influence m the interaction of gases and 
solids, e.g. the oxidation of red-hot charcoal by steam, when 
the chief prodncts are carbonic anhydride, hydrogen, and a 
small quantity of carbon monoxide, bnt a portion of the steam 
idecom posed. 

§ 120. Ezceptloiu to Gnldbei^ and Waage's Law. — Un- 
expected deviations from Goldberg and Waage's law are occa- 
sionally met with. For example, A. Bonz found that the 
formation of an amide by the action of ammonia on an ethereal 
salt is a reveraible reaction. 



NH, +C,Hj— O.COCH3 = NH,— COCH, + HOG,H, 

Ammonia Stbjl Acetate Acetamide Alcohol 

At temperatorea above 100° alcohol and acetamide intei 
yielding ethyl acetate and ammonia. Tlie proportion of' 
salt produced increases with the temperature and with tin 
molecular weights of the alcohol and amide. 

The influence of maea is in accordance with the law q 
Guldberg and Waage. The value of ^*, however, is only coife 
stant when equal molecules of ethereal salt and ammonia an 
present, i.e. in the proportion in which they are formed by Ha 
action of alcohol on the amide. The addition of an excess <t 
ammonia increases the decomposition of the amide by alcoht^i 
the addition of the ethereal salt lessens the action ; and ft 
either case the effect produced is greater than it af i^^ ^ 
according to Guldberg and Waage's law. In this case the 
of the two interacting compounds on the decomposition 
opposed to each other. This is not uEually tlie case. 

§ 121. Noil-reversible Reactions. — The law of Guldberg and 

Waage does not apply to non-reversible reactions. In these 

I the rule appears to be that the quantity of any given 
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mbstance exerts an influence, but the Influence produced by 
the mass varies with different aubstanceH. Menschutkin has 
Bhown that the formation of acetanilide from aniline and acetic 
acid — 

NHj.OeH, + HOCOCH„ = NHC„lI,.CO.OUa + HOH 

Aniline Acetio Acid Acetanilido Water 

is greatly fncilitated by an excess ot acetic acid, whereas nn 
excess of aniline delays the operation, but increases the amount 
of the product. If Guldberg and Waage's law were valid both 
bodies would act in the same way. That it does not apply in 
this instance is probably due to the fact that the acetic acid 
dissociates, and that the aniline either does not dissociate or 
dissociates only to a alight extent. 

A still more striking example of the difference in the in- 
fluence of two interactjing bodies on a reaction is aflbrded in the 
nitration of aromatic organic compounds, e.ij. — 

CgH, + HONO, = C,H,.NO, + H,0 
Bemene Nitric Auid Nitro-bemeoe Water 

The re-action is facilitated by increasing the amount of nitric 

seid, hut it is delayed by the addition of benzene and also by the 

products of the decomposition, namely, water and nitro-benzene. 

■An increased quantity of acid not only increases the absolute, but 

also t!ie relative quantity, i.e., the percentage of acid taking part 

1" the interaction. According to A. Kessler, Hy taking double 

*he theoretical quantity of nitric acid, the yield of nitro-benzene 

"• the first quarter of an hour is increased fourfold ; and if 

'b© amount of nitric acid is trebled, the yield will be ninefold. 

■'^be quantity of nitro-benzene increases in proportion to the 

'^tiare of the quantity of acid used. In order to make this 

observation it ia necessary to mix the benzene with its equivalent 

°* nitro-benzene and to keep the mixture cold in order to 

Moderate the reaction, which would otherwise take place with 

^^cplogive violence. 

Without doubt the complete difference in the influence 
°* these two interacting compounds is due to the fact that the 
P*i*ep of dissociation is possessed by nitric acid in a very high 
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degree, and not at all by benzene. Nitric acid difsociates ac- 
cording to the equation 

2H0.no, = N,03 + H,0 

and does not form the electrolytic iona HO and NO^. 
The anhydride then attacks the benzene thus : — 

NO^.O-NOj + 2C6Hg=20gH,.NO, + H,0. 

Diluting the acid with water, nitro-benzene, or even with 
benzene, tends to prevent the decomposition of the acid into 
anhydride and water, and the weak acid steadily grows weaker, 
and finally ceases to nitrate. The ease with which the nitration 
is effected also depends on the nature and composition of tih»J 
organic body. When a portion of the hydrogen in benzene iaa 
replaced by other elements or radicals, the operation of nitratioi 
may be facilitated, or it may be rendered more difficult, and evet 
impossible. This depends on the natore and the position of thai 
elements replacing the hydrogen. 

§ 122, Contact Action. — It occasionally happens that 1 
or more bodies can only interact in the presence of a third, i 
this third snbstance either remains unchanged or experienceaJi 
change itself. Phenomena of the first class are termed cataiy^ 
by Berzelius and contact actio7i by Mitscherlich. The o9 
racteristic featnre of this class of phenomena is that a i 
quantity of the substance which remains unchanged can bring " 
about the decomposition of a very large quantity, frequently of "3 
an nnlimited quantity, of another compound. 

The ignition of hydrogen and oxygen by finely-divided J 
platinum is a simple example of this contact action. The action-* 
of the metal depends on the property which platinum possesse^s 
of condensing gases on Its surface and of bringing them intone 
such intimate contact that combination ensues. Contact action i^s. 
a term which is well adapted to describe this class of phenomena-^ 
It is, of course, open to question whether the metal does 8(P^ 
only by contact, or whether it forme an unstable componn-_-^ 
either with oxygen or, like palladium, with hydrogen. 

In other cases the participation of the ' contact sabstanc^^e 
in the interaction has been definitely proved. Take, for esamp^K e, 
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a of oxygen.' As the oxidation of aulphurous acid 
Why the oxygen of the air takes place very slowly, uitric oxide ia 
J used as a carrier of oxygen in the leaden chamher of the vitriol 
works. The nitric oxide, NO, ia oxidised at the expense of the 
oxygen of the atmosphere to the pero.tide, NOj, which oxidises 
the sulphurous acid and is reconverted into nitric oxide. The 
reaction ia not quite aa simple as it ia here depicted. In the 
first place nitro-sul phonic acid (the crystals of the leaden 
chamber) HO — SO, — NOj is first formed from nitric oxide, 
oxygen, steam, and sulphur dioxide. This compound decomposes, 
yielding sulphuric acid and oxides of nitrogen — 

2H0— SO,— NOj + H,0 = 2H0— SO,— OH + NO, + NO. 

mTb.e) sulphates and other salts of manganese, copper, iron, and 
■ other metals act as carriers of oxygen to aqueous Bolutions of 
r Sulphurous acid, as they are reduced by the sulphurous acid and 
I leoxidised by the atmospheric air. A cold solution of oxajic 
I Bcid is not oxidised by chromic acid, except in the presence of a 
, which reduces the chromic acid and oxidises 
V tie oxalic acid. Manganese sulphate also acts as a carrier of 
[■oxygen when oxalic acid is oxidised by permanganic acid. 
t Indigo effects the oxidation of an alkaline solution of grape 
by acting aa a carrier of atmospheric oxygen, for the 
r indigo is reduced to indigo-white by the grape sugar, but at 
I once unites with oxygen and forms indigo-blue again. 

The formation of ethyl ether from alcohol and sulphuric acid 
[ vaa formerly considered to be an example of catalytic or contact 
[■ action — 

2CjH5.0H = (CaHJ.O + HjO, 



I But Williamson f 
•change, thus : — 

ICjHj.OH 

Alcohol 



d that the sulphuric acid takes part in the 



H,SO, = OjHj— HSO^ + H,0 
Sulphuric Acid Ethyl Salphuric Acid Water 



C,H,,OH + C^Hg.HSO, = C,H,.0.C,H5 + H,SO^. 



The sulphuric acid does not act merely by ita presence, but 
F'tittkes part in the interaction and is formed again. It is probable 
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that somethiiig simDar takes place in the case of the apparenfib 
aimple decomposition mentioned in § 108. The decomposition 
of cane Bngar into dextrose and Isevnlose is probably preceded 
by the fomiation of corresponding ethereal salts with the inverting 
acid, which are in their tnm decomposed by water. 

Emmerling observed and explained a very remarkable case 
of apparent contact action. Oxalic acid scarcely attacis cryatal- 
line calciam carbonate, e.y. marble. A thin insolnble cmst of 
caleinm oxalate forms on the surface of the marble, which 
prevents any further action taking place, bnt on the addition of 
a very small quantity of nitric acid or a nitrate the marble ia 
rapidly attacked and converted into calcium oxalate. Apparently 
it is the nitric acid or the nitrate which incites the oxalic acid_ 
to attack the calciam carbonate, bat in reality it is the nitr 
acid which was added or was liberated from the nitrate by t 
oxalic acid that attacks the marble, forming calcinm nitrat;^ 
The oxalic acid interacts, forming calcinm oxalate and libera 
nitric acid. 

Interactions which apparently take place between two sab* 
stances but require the presence of a third body, are of frequent 
occnrrence. Many metals remain unaltered in dry air which 
rnst or oxidise in a damp atmosphere. M. Tranbe has show 
that water takes part in this process of oxidation ; a m 
hydroxide and hydrogen peroxide are first formed accordi 
the equation — 

Zq + 2H0 i H + 0, = ZnOjH, + Bfi^. 

The metal decomposes the water, forming hydroxyl (HO 
and hydrogen, bnt the latter nnites with a molecule of oxygei 
The molecule of oxygen consists of two atoms, and at the l< 
temperature the hydrogen is unable t« effect their Beparati<H 
The hydroxide loses water and passes into oxide, the hydrogf 
peroxide loses oxygen, forming water. In this way the v 
which took part in the interaction reappears as water when t 
reaction ia completed. 

Certain bodies act as carriers of chlorine in a similar v 
the oxygen carriers. 1-^ire nitro-benzene is practically u 
attacked by chlorine, but in the presence of anhydrous ferp 
chloride substitution of the hydi-ogen by chlorine takes plat 
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bnt the ferric chloride remains t 
apparently taken tto part in the reuutiou. 

When bromine ia subBtituteil for chlorine the following reac- 
tion takes place, according to A. Scheofflen :— 

Br, + CgHaNOj + FeClg = Br.CsH^.NOj + HOI + FeOiaBr 
and the aualogoca change in the case of chlorine is 

CI, + C^HjNO, + FeCl. = Cl.C^H^.NOj + HCl + FeCl,.Cl. 

The chlorine of the ferric chloride unites with an atom of 
hydrogen of the benzene to form hydrochloric acid, and both 
atoms are replaced by free chlorine or bromine. All three 
bodies conseqaently take part in the interaction. 

The numerous and varied forms of fermentation were formerly 
regarded aa cases of catalytic action. It was believed that 
ffimple contact with the ferment, e.g. yeast, brought about the 
decomposition of the fermentable substance, sugar. Fermenta- 
tion is now considered to be due to the action of minute living 
organisms, which devour the fermentable substance for their 
nourishment and excrete the decomposition products. The 
yeast ferment feeds on sugar and produces carbon dioxide 
''Id alcohol. The process is much more complicated than was 
'ormeriy supposed to be the case. 

This example, taken from a large class of similar phenomena, 
°'©arly shows that those changes which were formerly described 
^® the result of contact action must be generally regarded as 
•'lei interaction of three or more different bodies, or are even 
^Ich more complex reactions. Berzelius explained this class 
°' J)henomena by the hypothesis of a special catalytic force con- 
Joined in those substances which apparently take no pai-t in the 
^"^teraotion. This hypothesis is now known to be unnecessary 
***d superfluous. 

5 123, Kinetic Natnre of Affinity. — An examination of the 
^*ions foi'ms of chemical change as described in the preceding 
P^i-Qgraphs leads of necessity to the conclusion that the hypo- 
^^sis of an attractive force known as afiinity, such as was 
^t-merly accepted and even survives to the present time, is of 
^"ttlo or no nse in explaining chemical phenomena. 

We might conclude from the fact that cupric sulphate is 
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reduced to s cnproiB nh I7 salphnroiis acid that solplia) _ 
acid faas a a tfoager affimtj for oxygen Uian copper lias in ike 
fbnn cf cnpiDBS oxide; we ebould conseqaently expect tliat 
cuprons oxide wiD take Tip oxygen &om the air less readily than 
Bulphnrotis acid does. As obaervation shows that the reverse is 
the case, we come to the conclnsion that this view of the 
matter is incorrect ; nor is the explanation satisfactory in many 
other cases. We have gradnally receded from the idea of a 
static state of eqailibrinm of the atoms brought abont by their 
powers of affinity, and we now consider the atoms, and the 
molecules which are built np of atoms, as particles in an active 
state of movement. Their relations to each other are essentially 
determined by the magnitnde and form of their movements. 
Chemical theories grow more and more kinetic, and although, 
partly from habit and partly from want of a better expedient, 
the existence of an attractive torce between the atoms is 
freqaently used in explaining chemical phenomena, this only 
happens in the conviction that this hypothetical affinity is 
merely an expression for the real though imperfectly known 
cause of the internal cohesion of chemical compounds. 
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to the Aullior'e Catechism of t!ie Steam Engine. By John Bourne, 
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■■ " Recent Improvements in the Steam Engine. By Jokk 
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124 Woodcuts. Ftji. Svo. fo. 
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Illustrations. 8va Sis. 

ELECTRICITY AND MAGNETISM. 
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Master in Rugby Sclii«)l. 242 Illustrations. Crown Hvo. 43. M. 
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66 W00.ICIII8. Fcp. Svo. 6s. 
JENKIN— Electricity and Magnetism. By Fleeminq Jenkin, 
F.E..SS., L. & E., M.f.C.E. With 177 lllustrutioiis. Fcp. Svo. 3s. 6rf. 
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W. Lardbn, M.A. With 215 Illustrations and a Series of Examina- 
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SLINQO and BROOKER— Electrical Engineering for 
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C scribed in the Syllfibua issued by the City nnd Guilds' Technical 
lilule.) By W. Sltsgo nnd A. Beookeb. With 307 Illustrations. 
Crown Bvo. 10?. 6rf. 
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TUMUBZ— Potential, and ite Application to the Explana- 
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RoBERTBOX, M^ LL.B., B.Sc 103 IHosmtions. Cr. 8vo. 3«: 6tf. 

TYNDALL— Leesons in Electricity at the Royal Instdtatioii, 
1875-76. Bv Joax Ttndau, D.CX. With 58 Woodcutit. Crown 
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Notee of a Course of Seven Lectures on Electrical 

Phenomena and Theories, delivere.) at the Rival Insiilution. By 
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Beeearches on Diamagnetiem find Magne-GryBtaltlo 
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CULLEIY— A Handbook of Practical Telegraphy. 
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Tieatnieiit. By C. L. Blo£a» and A. K. Huntington, Profussors* 

in King'n College, London, Willi 130 Woodciita. Fcp. 8vo. 5* 
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Crowii 8vo. ss. The Expanse of Heaven : Ksa.-,v« on 

The nnirerse of Stars : Reaeanilies thn Wondera of lln- Finiminont. Cr. 
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8vo. 18s. 
OLIVER — Astronomy for Amateurs : a Practical Manual of 
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WEBB— Celestial Objects for Common Telescopes. Bv the 
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SCOTT— Weather Charts and Storm W^amingB. By Rodebt 
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With 134 Illustrations. I'cp. Svo, 5s. 
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ScboolH. By Edith Aitken, Intf Sdiulur of Gii-toi Collpt^t. Willi 
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THORNTON— Elementary PhyBiography ! on IntTOductiun to . 
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